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Preface

The Multidisciplinary Center for Earthquake Engineering Research (MCEER) is a national 
center of excellence in advanced technology applications that is dedicated to the reduction of 
earthquake losses nationwide. Headquartered at the University at Buffalo, State University 
of New York, the Center was originally established by the National Science Foundation in 
1986, as the National Center for Earthquake Engineering Research (NCEER).

Comprising a consortium of researchers from numerous disciplines and institutions 
throughout the United States, the Center’s mission is to reduce earthquake losses through 
research and the application of advanced technologies that improve engineering, pre-
earthquake planning and post-earthquake recovery strategies. Toward this end, the Cen-
ter coordinates a nationwide program of multidisciplinary team research, education and 
outreach activities. 

MCEER’s research is conducted under the sponsorship of two major federal agencies: the 
National Science Foundation (NSF) and the Federal Highway Administration (FHWA), 
and the State of New York. Signifi cant support is derived from the Federal Emergency 
Management Agency (FEMA), other state governments, academic institutions, foreign 
governments and private industry.

MCEER’s NSF-sponsored research objectives are twofold: to increase resilience by devel-
oping seismic evaluation and rehabilitation strategies for the post-disaster facilities and 
systems (hospitals, electrical and water lifelines, and bridges and highways) that society 
expects to be operational following an earthquake; and to further enhance resilience by 
developing improved emergency management capabilities to ensure an effective response 
and recovery following the earthquake (see the fi gure below).
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A cross-program activity focuses on the establishment of an effective experimental and 
analytical network to facilitate the exchange of  information between researchers located 
in various institutions across the country. These are complemented by, and integrated 
with, other MCEER activities in education, outreach, technology transfer, and industry 
partnerships.

This report investigates the failure mechanisms of shear-critical squat (ratio height to length of less 
than two) reinforced concrete walls, commonly used in many commercial buildings and nearly all 
safety-related nuclear structures. A database with experimental data obtained from 434 tests is as-
sembled with the objective of improving the current state of knowledge on squat wall response. The 
adequateness of the peak shear strength predictive equations available in current design provisions 
is evaluated. Improved empirical equations are developed for peak shear strength prediction for 
rectangular walls and walls with boundary elements in a format suitable for inclusion in standards 
and codes of practice. Squat walls are modeled using fi nite elements to predict their monotonic 
and cyclic responses. Modeling decisions that are critical to predict the wall responses are explored 
and recommendations for fi nite element modeling are made. Macro-level hysteretic models are 
prepared for a small number of squat walls for which digital load-displacement data are available. 
The calibrated Ibarra-Krawinkler pinching model is used to properly capture the strength, stiff-
ness degradation and pinching effects in the walls response. Information in the database is used to 
identify damage states and to develop fragility functions for buildings and safety-related nuclear 
structures incorporating squat reinforced concrete walls.
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ABSTRACT 

Reinforced concrete walls with a ratio of height to length of less than two are important 
structural components in many commercial buildings and nearly all safety-related nuclear 
structures. The performance of these short (squat) walls is most important during earthquake 
shaking because they are designed and detailed to provide most of the lateral stiffness and 
strength in a building or structure. 

Current design provisions in codes and standards for reinforced concrete walls focus on tall 
(flexure-critical) walls and pay less attention to squat walls, although squat walls are far more 
common in practice. Squat wall failure is generally shear-related and non-ductile. Shear-critical 
squat walls are the focus of this report. 

A database of information from tests of 434 squat walls is assembled with the objective of 
improving the current state of knowledge on squat wall response. The utility of predictive 
equations currently used in North America for the peak shear strength of squat walls is 
determined using the database. These equations do not provide unbiased estimates of peak shear 
strength with a small coefficient of variation. Improved empirical equations are developed for 
peak shear strength for rectangular walls and walls with boundary elements in a format suitable 
for inclusion in standards and codes of practice.  

Squat walls are modeled using two widely used finite element codes: ABAQUS and VecTor2. 
These codes are used to predict the monotonic and cyclic response of squat walls. Modeling 
decisions that are critical to predicting response are explored and recommendations for finite 
element analysis are made. 

Macro-level hysteretic models are prepared for a small number of squat walls for which digital 
load-displacement data are available. The calibrated Ibarra-Krawinkler pinching model captures 
well the key features of squat wall response: strength and stiffness deterioration and pinched 
hysteresis. 

Information from the database is used to develop fragility functions, damage states, and scopes 
of repair for seismic performance assessment of buildings and safety-related nuclear structures 
incorporating squat reinforced concrete walls. 
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GLOSSARY 

A  = coefficient used to calculate seρ  

cA  = area of the concrete section resisting shear per ACI 318-08 

beA  = total boundary element area 

cvA  = gross area of concrete bounded by web thickness and length of section in the 
direction of the shear force per ACI 318-08, Wood (1990), and Wallace (2007) 

effA  = effective wall area 

gA , tA  = gross area of the wall cross section 

vA  = area of horizontal reinforcement within a distance s  per ACI 318-08 

vfA  = area of reinforcement perpendicular to the plane of the crack per ACI 318-08 
and Wood (1990) 

= area of the web cross section wA  

= effective wall area that is equal to the product of D  and wt  per Fukuzawa et al. 
(1988) 

effb  = effective flange width 

fb  = boundary element width 

B  = coefficient used to calculate seρ  

= residual strength ratio per ASCE 41-06 c  

= parameter that defines the rate of cyclic deterioration (see Section 7) 

= drift at nominal shear strength per ASCE 41-06 

= distance from the extreme compression fiber to the force centroid of the wall 
vertical reinforcement in tension and assumed equal to 0.8 wl  unless a larger 
value is determined by a strain compatibility analysis, per ACI 318-08 

= distance from the extreme compression fiber to the location of the resultant of 
forces in vertical reinforcement in tension, which may be determined from a 
strain compatibility analysis and is assumed equal to 0.6 wl  if no analysis is 
performed, per ASCE 43-05 

d  

= distance from extreme tension fiber to centroid of tension reinforcement per 
Barda et al. (1977) 
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1d  = distance from extreme compression fiber to the location of the resultant of 
forces in vertical reinforcement in tension and assumed equal to 0.8 wl  unless a 
larger value is determined by a strain compatibility analysis 

2d  = distance from extreme compression fiber to area centroid of the wall vertical 
reinforcement in tension 

3d  = distance from the extreme compression fiber to the location of the resultant of 
forces in vertical reinforcement in tension, which may be determined from a 
strain compatibility analysis and is assumed equal to 0.6 wl  if no analysis is 
performed 

= wall length measured from the centers of the boundary barbells per Fukuzawa et 
al. (1988) 

D  

= test parameter of the K-S test (see Section 7) 

critD  = critical test parameter for the K-S test (see Section 7) 

e  = ultimate drift ratio per ASCE 41-06 

cE  = modulus of elasticity of concrete 

iE  = hysteretic energy dissipated in excursion i 

jEΣ  = sum of the hysteretic energy dissipated in excursions 1 through i 

sE  = modulus of elasticity of steel 

tE  = inherent hysteretic energy dissipation capacity 

bf  = bending stress per ASCE 43-05 

crf  = cracking stress per ASCE 43-05 

′cf  = compressive strength of concrete 

tf ′  = tensile strength of concrete 

( )Xf x  = probability density function 

ubef  = ultimate stress of vertical boundary element reinforcement 

uhf  = ultimate stress of horizontal web reinforcement 

uvf  = ultimate stress of vertical web reinforcement 

yf  = yield stress of reinforcement 

ybef  = yield stress of vertical boundary element reinforcement 

yhf  = yield stress of horizontal web reinforcement 
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yvf  = yield stress of vertical web reinforcement 

1yf  = reinforcement yield stress used with seρ  

2yf  = reinforcement yield stress for a combination of vertical web and boundary 
element reinforcement used for Wood (1990) 

uf  = ultimate stress of reinforcement 

cF  = peak strength 

cxF  = horizontal component of the compression strut force 

cyF  = vertical component of the compression strut force 

friF  = friction force associated with aggregate interlock between the two surfaces of 
the cracks 

hwF  = force carried by horizontal web reinforcement 

rF  = residual strength 

vbeF  = force carried by vertical boundary element reinforcement 

vwF  = force carried by vertical web reinforcement 

( )XF x  
= cumulative distribution function 

yF  = yield strength 

g  = drift ratio corresponding to the development of nominal shear strength per 
Wallace (2007) 

cG  = shear modulus of concrete (= 0.4 cE ) 

h  = wall thickness per ACI 318-08 and Barda et al. (1977) 

fh  = boundary element thickness 

Lh  = moment-to-shear ratio 

wh  = height of wall 

gI  = moment of inertia of gross concrete section about centroidal axis neglecting 
reinforcement 

wl  = length of wall 

( )L θ  = likelihood function 

k  = shape parameter for gamma and Weibull distributions 
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= ratio of the second deviatoric stress invariant on the tensile meridian to that on 
the compressive meridian (see Section 5) 

cK  

= post-capping stiffness (see Section 7) 

eK  = elastic stiffness of wall 

_rel aK  = reloading stiffness (see Section 7) 

_rel bK  = reloading stiffness (see Section 7) 

sK  = post-yielding stiffness 

1K  = coefficient used to calculate shear-friction strength associated with sum of the 
shearing of protrusions on the crack faces and the dowel action of the 
reinforcement (400 psi for normalweight concrete, 200 psi for all-lightweight 
concrete, and 250 psi for sand-lightweight concrete) per ACI 318-08 

uM  = factored moment 

/M QD  = moment-to-shear ratio per Fukuzawa et al. (1988) 

/ wM Vl  = moment-to-shear ratio 

n  = sample size 

AN  = axial force per ASCE 43-05 

uN  = factored axial force per ACI 318-08 and Barda et al. (1977) 

P  = axial force 

s  = spacing of the horizontal reinforcement per ACI 318-08 

( )XS x  
= empirical cumulative distribution function 

nt  = thickness of wall web per ASCE 43-05 

wt  = thickness of wall web 

V  = shear force 

BEV  = predicted peak shear strength for walls with boundary elements 

cV  = shear strength provided by concrete per ACI 318-08 and ASCE 43-05 

crV  = shear strength at cracking per Wallace (2007) 

flexV  = shear-flexural strength 
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1 INTRODUCTION 

1.1 General 

Reinforced concrete walls with a ratio of height to length of less than or equal to two are widely 
used in conventional buildings and safety-related nuclear structures. The literature and design 
professionals describe such walls as squat or short.  

Squat walls are generally grouped by plan geometry, namely, rectangular, barbell, and flanged. 
They provide much or all of a structure’s lateral strength and stiffness to resist earthquake and 
wind loadings. Accurate modeling of the response of squat walls is important because 
conventional buildings are likely to experience multiple deformation cycles at or beyond yield in 
maximum earthquake shaking, and nuclear safety-related structures will likely be subjected to 
multiple cycles of loading to peak strength in safe shutdown earthquake shaking. Code 
provisions for seismic design of reinforced concrete walls were drafted primarily for slender 
walls although most reinforced concrete walls in building structures around the world are squat. 

A desirable earthquake resistant design philosophy for reinforced concrete walls is to suppress 
shear failure in design earthquake shaking. Experimental studies have shown that well designed 
and detailed tall (or slender) walls will yield in flexure and not fail in shear. On the contrary, 
squat walls are prone to shear failure that is generally associated with rapid loss of strength and 
stiffness under cyclic loading. 

Figure 1-1 shows first quadrant load-displacement relationship for a squat flanged wall (Wall 3) 
tested by Synge (1980). This wall had a vertical web reinforcement ratio of 0.37%, horizontal 
web reinforcement ratio of 1.61%, vertical flange reinforcement ratio of 1.81% and an aspect 
ratio of 0.50. This wall was tested under cyclic loading at a quasi-static rate with two cycles at 
each displacement amplitude. No axial force was applied to the wall. This wall achieved its peak 
strength during the first cycle of loading to a displacement of 6 mm (0.4% drift). The dashed line 
in the figure represents the shear force corresponding to the wall flexural strength calculated 
using a strain compatibility analysis on the wall section. Following the loading to peak shear 
strength, sliding displacements at the interface between the wall web and the foundation 
dominated the response. As seen in Figure 1-1, the wall experienced a significant loss of strength 
and stiffness in the displacement cycles following the cycle to the peak shear strength as the 
sliding deformations became more pronounced. Significant residual displacements (measured at 
the zero-force intercept) and modest energy dissipation that are indicators of poor seismic 
performance are seen in the reported experimental load-displacement relationship. 

A significant number of experiments on squat reinforced concrete walls have been completed in 
the past 50+ years. The first experimental programs on squat walls were conducted at 
Massachusetts Institute of Technology and Stanford University [Galletly (1952), Benjamin and 
Williams (1953), Benjamin and Williams (1954), Benjamin and Williams (1956)] on barbell 
cross-section. These tests were performed using monotonic loading and focused mainly on 
evaluation of peak shear strength. In the United States, the first cyclic tests on squat walls were 
performed by Barda (1972). In the interim period, a substantial number of cyclic loading 
experiments on squat walls were conducted in Japan [Hirosawa (1975)]. 
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Figure 1-1 First quadrant load-displacement relationship of Wall 3 tested by Synge (1980) 

Although there is substantial experimental data in the literature on squat walls, current design 
procedures have been essentially unchanged for more than 40 years. One such example is the 
prediction of peak shear strength, which is the key parameter in design of squat walls. The 
procedures available in code-provisions, building manuals and literature to calculate the peak 
shear strength of squat walls do not correlate well with the experiments resulting substantial 
scatter in the predictions [Wood (1990), Gulec (2005), Gulec et al. (2007), Gulec et al. (2008), 
Gulec et al. (2009)]. 

1.2 Failure Modes in Reinforced Concrete Walls 

Three types of shear failure are observed in squat walls, namely, diagonal tension, diagonal 
compression, and sliding shear [Paulay and Priestley (1992)]. If a shear failure occurs after the 
wall achieves its flexural strength, the failure mode is considered mixed and termed a flexure-
shear failure (e.g., flexure-diagonal tension). Flexure-shear failures occur as the shear strength of 
a wall, which is initially higher than the shearing force associated with flexural failure, degrades 
with increasing displacement cycles and drops below the flexural strength of the wall. The 
experimental data evaluated in this study shows that the failure of walls with aspect ratios of less 
than 1.0 are generally governed by shear whereas the failure of taller walls with aspect ratios of 
between 1.0 and 2.0 is generally governed by mixed modes. Exceptions to this classification 
exist since design parameters such as horizontal and vertical web reinforcement ratios, wall 
geometry, and axial force also affect the behavior of squat reinforced concrete walls. The 
following sub-sections present information on the failure modes observed in reinforced concrete 
walls. 
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1.2.1 Diagonal Tension Failure 

Diagonal tension failure is generally observed in squat walls with light horizontal web 
reinforcement. This failure is characterized by one or more wide inclined cracks with respect to 
each loading direction. Cracking is not widespread over the wall web as the damage is 
concentrated in the inclined cracks. Yielding of horizontal web reinforcement is observed as the 
cracks widen with increasing displacement demands on the wall. The orientation of the failure 
plane (typically assumed to form at an angle of approximately 45 degrees) is influenced strongly 
by the presence of a large beam at the top of the wall (if any) and the aspect ratio of the wall. A 
stiff top beam and foundation contribute to the formation of a corner-to-corner crack. Figure 1-2 
presents the final condition of a squat wall that failed by diagonal tension. 

 
Figure 1-2 Diagonal tension failure of wall 27 tested by Hidalgo et al. (2001) 

1.2.2 Diagonal Compression Failure 

A diagonal compression failure may be triggered if a diagonal tension failure is prevented by 
providing adequate horizontal web reinforcement. Resistance of the concrete compression struts 
in the web of the wall deteriorates as the inclined cracks in two opposite directions open and 
close successively under cyclic loading. The crushing of the concrete struts in the web of the 
wall triggers a diagonal compression failure. 

Walls with boundary elements (barbells or flanges) are more prone to diagonal compression 
failure than walls with rectangular cross sections. Flanged and barbell walls can potentially 
accommodate more reinforcement at the wall ends, which provides substantial flexural strength 
and increase the shear demands in the wall web. Axial forces will help to limit the crack widths 
in a squat wall, which increases peak shear strength. However, large axial forces also increase 
substantially the compressive stresses in the web of the wall and contribute to a diagonal 
compression failure. In design, the maximum shear stresses in a wall section are limited to 
prevent a diagonal compression failure, which is relatively more brittle than a diagonal tension 
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failure since it is associated with concrete crushing rather than reinforcement yielding. Figure 1-3 
presents the final condition of a squat wall that failed by diagonal compression. 

 
Figure 1-3 Diagonal compression failure of wall S1 tested by Maier and Thürlimann (1985) 

1.2.3 Sliding Shear 

Heavily reinforced walls subjected to large number of displacement cycles may be susceptible to 
sliding shear failure. This failure is similar to a diagonal compression failure in the sense that it is 
also a result of concrete crushing. Squat walls that fail in sliding shear initially experience 
inclined shear cracking. Inclined shear cracks that form in each direction intersect each other due 
to cyclic loading and the strength of the concrete between these cracks deteriorates as a result of 
subsequent displacement cycles at higher amplitude. Note that crack density is higher for heavily 
reinforced walls and the concrete struts are narrower. Concrete crushing then spreads over the 
wall length in a narrow band, forming a weakened horizontal plane near the base of the wall 
web. The upper part of the wall then starts to slide on this weakened plane and such failure is 
associated with sliding shear. Figure 1-4 presents the final condition of a squat wall that failed by 
sliding shear. 

1.2.4 Flexural Failure 

FEMA 306 [ATC (1998b)] states that walls that fail in flexure generally sustain in-plane 
rotations of at least 2% (0.02 rad) or displacements of eight times the yield displacement. 

This failure mode is rare in squat walls but is discussed below for completeness. According to 
ASCE 41-06 [ASCE (2007)], slender walls with relatively high aspect ratios (3.0+) will 
generally fail in flexure. The response of walls that fail in flexure can be predicted accurately 
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Figure 1-4 Sliding shear failure of NUPEC wall U-1 [Kitada et al. (1997)] 

using cross-section strain-compatibility analysis. 

Flexural failure is often associated with wide flexural cracks near the bottom of the wall web. 
Minor shear cracking, which does not significantly alter the overall response of the wall, may 
occur. Spalling of concrete at the extreme compression fibers near the base of the wall is often 
observed Vertical reinforcement at the ends of the wall near its base may fracture with increasing 
displacement demand on the wall. Figure 1-5 presents a representative cracking pattern for 
flexural failure. 

1.2.5 Mixed Failure Modes 

A mixed failure mode is shear failure at a displacement that is greater than the displacement 
corresponding to the peak flexural strength. Wall behavior is governed initially by flexure (i.e., 
flexural cracking and yielding of vertical boundary element reinforcement), which is similar to 
the initiation of flexural failure. For a wall that exhibits a mixed failure mode, wall shear strength 
is initially equal to or greater than the shear force corresponding to wall flexural strength. 
However, the shear resistance of the wall degrades with displacement cycles of increasing 
amplitude. At some level of displacement, the shear strength of the wall degrades below the  

 
Figure 1-5 Representative cracking pattern for flexural failure [ATC (1998b)] 
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shear force associated with flexural strength and shear controls wall response thereafter. The 
failure of squat reinforced concrete walls with intermediate aspect ratios (1.0 / 2.0≤ ≤w wh l ) is 
generally governed by mixed modes. Information on mixed failure modes, which are flexure-
diagonal tension, flexure-diagonal compression, and flexure-sliding is presented next using the 
terminology of FEMA 306. 

Flexural-diagonal tension failure is associated with the formation of wide inclined cracks after 
the wall achieves its flexural strength. The mechanism for this failure mode is similar to that of 
diagonal tension. Figure 1-6a presents a representative cracking pattern for flexure-diagonal 
tension failure. If a wall has sufficient horizontal reinforcement to prevent development of wide 
inclined cracks, a flexure-diagonal compression failure is likely to occur. 

Flexure-diagonal compression failure is associated with failure of compression struts after the 
wall achieves its flexural strength. The mechanism associated with this failure mode is similar to 
that of diagonal compression. Figure 1-6b presents a representative cracking pattern for flexure-
diagonal compression failure. 

Flexure-sliding shear failure is associated with significant sliding after the wall achieves its 
flexural strength. Limiting the shear stress in the wall web and providing adequate horizontal 
web reinforcement can avoid failures associated with diagonal compression or tension, 
respectively. However, the upper portion of the wall can slide relative to the foundation along a 
horizontal crack at the base of a wall. Due to cyclic loading, flexural cracks form at each end of 
the wall near its base. These flexural cracks may propagate to the center of the wall and form a 
continuous crack at the base of the wall with cycles of increasing displacement amplitude. 
Further cycling diminishes the resistance mechanisms (aggregate interlock, shear friction) along 
this crack and a sliding plane forms. Thereafter, shear force is transferred primarily from the wall 
to the foundation by dowel action of the vertical reinforcement, which can provide only modest 
lateral strength and stiffness. Sliding results in a significant reduction in stiffness and strength 
and large residual displacements. 

Figure 1-7 presents the final condition of a squat wall that failed by flexure-sliding shear [wall 1, 
Synge (1980)]. Walls with light vertical web reinforcement, no boundary element reinforcement, 
and low axial forces are susceptible to this type of failure. 

1.3 Code Approaches to Squat Wall Design 

Building codes and provisions provide limited information on the design of squat reinforced 
concrete walls. ACI 318-08 [ACI (2008)] procedures are applicable to all types of structural 
walls: squat and slender. The requirements of ACI 318-08 associated with shear design of 
structural walls are summarized in Section 1.3.1. The procedures of ASCE 41-06 [ASCE (2007)] 
for seismic rehabilitation of reinforced concrete shear walls and design requirements of ASCE 
43-05 [ASCE (2005)] for squat walls in nuclear facilities are summarized in Sections 1.3.2 and 
1.3.3, respectively.      
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a) Flexure-diagonal tension failure b) Flexure diagonal-compression failure 

Figure 1-6 Representative cracking patterns for flexure-diagonal tension and flexure 
diagonal failures [Pilakoutas and Elnashai (1995)] 

 
Figure 1-7 Flexure-sliding shear failure of wall 1 tested by Synge (1980) 
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1.3.1 ACI 318-08 [ACI (2008)] 

Design procedures for shear in reinforced concrete walls are presented in Sections 11.6, 11.9, 
and 21.9 of ACI 318-08. Section 11.6 deals with failure mechanisms associated with shear 
transfer across a plane. Section 11.9 provides requirements for structural walls subjected to non-
seismic lateral loadings and Section 21.9 provides requirements for the seismic design of 
reinforced concrete structural walls. Sections 11.9 and 21.9 assume a diagonal tension failure 
mechanism with a 45-degree crack to calculate wall shear strength and seek to prevent failure by 
diagonal compression by specifying an upper limit on the shear stress. 

Section 11.6 of ACI 318-08 provides design provisions for shear transfer across a crack. Sliding 
shear failures along an interface between the wall web and the foundation may occur in squat 
walls subjected to cyclic loading. The provisions of Section 11.6 can be used to assess the sliding 
shear strength of squat walls. Section 11.6 provides two equations to calculate the nominal shear 
transferred through a crack. The first equation is based on the work of Mattock [Mattock (1976), 
Mattock (1977)] and is presented in Equation 1-1. In Equation 1-1, vfA  (in2) is the area of 
reinforcement perpendicular to the plane of the crack, yf  (psi) is the yield stress of the 
reinforcement, cA  (in2) is the area of the concrete section resisting shear and 1 400=K  psi for 
normalweight concrete, 200 psi for all-lightweight concrete, and 250 psi for sand-lightweight 
concrete. 

 10.8= +n vf y cV A f A K  (1-1) 

In Equation 1-1, the first term represents the contribution of the shear-friction force to the overall 
shear transfer through the crack (0.8 = coefficient of friction) and the second term represents the 
sum of the resistances to shearing of protrusions on the crack faces and the dowel action of the 
reinforcement. 

The second equation in Section 11.6 of ACI 318-08 is based solely on shear-friction as presented 
in as Equation 1-2. In this equation µ  is the coefficient of friction: for concrete placed 
monolithically assumed 1.4=µ λ ; for concrete placed against hardened concrete with surface 
intentionally roughened, 1.0=µ λ ; and for concrete placed against hardened concrete not 
intentionally roughened, 0.6=µ λ ; λ  is assumed to be 1.0 for normalweight concrete, 0.85 for 
sand-lightweight concrete and 0.75 for all lightweight concrete. 

 =n vf yV A f µ  (1-2) 

Section 11.6 states that nV  shall not be taken greater than the smaller of 0.2 ′cf  and 800 cA  and 
the value of yf  used for design of shear friction reinforcement shall not exceed 60 ksi. 

The procedure to predict the peak shear strength in Section 11.9 of ACI 318-08 is given by 
Equations 1-3 through 1-7 for normalweight concrete. Section 11.9 limits the nominal peak shear 
stress in a wall to 10 ′cf  and the minimum horizontal web reinforcement ratio ( )tρ  to 0.25%. 
The minimum vertical web reinforcement ratio ( )lρ  is assumed to be the larger of Equation 1-7 
and 0.0025. Section 11.9 requires that the spacing of the horizontal web reinforcement shall not 
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be less than the smallest of / 5wl , 3h  and 18 in., and the spacing of the vertical web 
reinforcement shall not be less than the smallest of / 3wl , 3h  and 18 in. 

 10 ′= + ≤n c s cV V V f hd  (1-3) 
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In Equations 1-3 through 1-7, cV  (lb) is the shear strength provided by concrete, sV  (lb) is the 
shear strength provided by shear reinforcement, h  (in) is the wall thickness, d  (in) is the 
distance from extreme compression fiber to the force centroid of the wall vertical reinforcement 
in tension and assumed equal to 0.8 wl  unless a larger value is determined by a strain 
compatibility analysis, uN  (lb) is the factored axial force that is negative in tension, uM  (lb-in) 
is the factored moment, uV  (lb) is the factored shear force, s  (in) is the spacing of the horizontal 
reinforcement, and vA  (in2) is the area of horizontal reinforcement within a distance s . Other 
variables have been defined previously. 

The major difference between the procedures of Section 11.9 and 21.9 is the calculation of the 
contribution of concrete ( cV ) to peak shear strength. The concrete contribution in Section 21.9 is 
calculated using an empirical factor ( cα ) that is as a function of wall aspect ratio. In Section 
11.9, the two values for cV  (see Equations 1-4 and 1-5) correspond to different cracking 
conditions and the smaller value of the two is used to calculate the nominal peak shear strength. 
Equation 1-4 was derived assuming a principal tensile stress of 4 ′cf  on a section subjected to 
combined axial load and shear, and Equation 1-5 was derived assuming a flexural tensile stress 
of 6 ′cf  at a section located / 2wl  above the section being investigated [Cardenas et al. (1973)]. 
In addition, an effective wall length ( d ) is used to calculate wall shear strength in Section 11.9 
whereas the total wall length ( wl ) is used in Section 21.9. 
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Section 21.9 of ACI 318-08 notes that both vertical and horizontal web reinforcement in 
structural walls should be uniformly distributed across the shear plane to limit the width of the 
inclined cracks. Evenly distributed vertical reinforcement along the wall section theoretically 
results in lower curvature ductilities and moment capacity, but this arrangement may be 
preferable because it results in an increased depth of the flexural compression zone and improved 
conditions for shear friction and dowel action, which contribute to sliding shear resistance. The 
minimum horizontal and vertical web reinforcement ratio is limited to 0.0025 and the maximum 
allowed spacing between the reinforcement is 18 in. If the aspect ratio of the walls ( / )w wh l  does 
not exceed 2.0, the vertical web reinforcement ratio ( )lρ  shall not be less than horizontal web 
reinforcement ratio ( )tρ . Section 21.9 also requires that at least two curtains of reinforcement be 
placed in structural walls. 

The shear strength equation of Section 21.9, presented in Equation 1-8 for normalweight 
concrete, is based on the modified truss analogy [Wood (1990)]. This analogy was used 
originally to estimate the peak shear strength of reinforced concrete beams and assumes that 
resistance is provided by concrete and transverse reinforcement. The nominal shear-strength 
calculation procedures of ACI 318-08 for structural walls and beams are closely related. In 
Equation 1-8, the contribution of horizontal web reinforcement to the shear strength is calculated 
assuming a failure plane at 45 degrees to the horizontal. The equation recognizes the higher shear 
strength of low aspect-ratio walls by allowing higher concrete contribution to the overall shear 
strength through the coefficient cα : 

 ( )′= +n cv c c t yV A f fα ρ  (1-8) 

In Equation 1-8, nV  (lb) is the nominal shear strength, cvA  (in2) is the gross area of concrete 
bounded by web thickness and length of section in the direction of the shear force, ′cf  (psi) is the 
compressive strength of concrete, tρ  is the ratio of area of distributed (horizontal) reinforcement 
parallel to the plane of cvA  to gross concrete area perpendicular to that reinforcement, yf  (psi) is 
the specified yield strength of reinforcement, and cα  is an aspect-ratio coefficient and equal to 
3.0 for / 1.5≤w wh l , 2.0 for / 2≥w wh l  and varies linearly between 1.5 and 2.0, where wh  is the 
height and wl  is the length of the wall. To prevent diagonal compression failures, the nominal 

peak shear stress in horizontal wall segments is limited to 10 ′cf . 

Section 21.9 of ACI 318-08 requires that the concrete and longitudinal reinforcement within 
effective flange widths be included for the flexure and axial load design of structural walls. 
Unless a more detailed analysis is performed, the effective flange widths are required to be 
extended from the face of the web to the smaller of one-half the distance to an adjacent wall web 
and 25% of the total wall height. Section 21.9 refers to Chapter 10, Flexure and Axial Loads, for 
the design of structural walls under flexural and axial loads. The requirements of Chapter 10 are 
not presented in detail herein but a) the use of a strain compatibility analysis is allowed, b) the 
maximum extreme concrete compression fiber strain is taken as 0.003, c) the tensile strength of 
concrete is neglected, and d) a bilinear stress-strain relationship is assumed for reinforcement 
with a modulus elasticity of 29,000 ksi. 
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Note that the procedures of Section 11.9 and Chapter 21.9 of ACI 318-08 to predict the peak 
shear strength of walls are adopted in ACI 349-06 [ACI (2006)], Code Requirements for Nuclear 
Safety-Related Concrete Structures, without revision despite the significantly different 
performance expectations for conventional building structures and nuclear             structures. 

The design strength of members per ACI 318-08 is calculated by multiplying the calculated 
nominal strength by a strength reduction factor, φ . The strength reduction factor for shear is 0.75 
and φ  is calculated as a function of the strain in extreme tension reinforcement ( )tε  for members 
subjected to flexure and axial load. For compression-controlled sections ( 0.002)≤tε , φ  is set 
equal to 0.65 (0.75 for members with spiral reinforcement); for tension-controlled sections 
( 0.005)≥tε , φ  is set equal to 0.90; and for sections with tε  values between 0.002 and 0.005, φ  
varies linearly between 0.65 and 0.90. 

1.3.2 ASCE 41-06 [ASCE (2007)] 

ASCE 41-06, Seismic Rehabilitation of Existing Buildings, categorizes the behavior of reinforced 
concrete walls based on aspect ratio. ASCE 41-06 states that walls with an aspect ratio of less 
than 1.5 (squat walls) are controlled by shear, walls with an aspect ratio of greater 3.0 (slender 
walls) are controlled by flexure and the walls with intermediate aspect ratios are controlled by 
both flexure and shear. ASCE 41-06 refers to Section 21 of ACI 318 (Equation 1-8) to calculate 
the nominal shear strength of reinforced concrete walls. If the horizontal web reinforcement ratio 
for a wall is less than 0.0015, a minimum value of 0.0015 is used for shear strength calculations. 
The spacing of horizontal and vertical web reinforcement is limited to 18 in. ASCE 41-06 refers 
to Chapter 10 requirements of ACI 318 for nominal flexural strength calculations with the 
exception that expected yield strength for longitudinal reinforcement can be used in lieu of 
specified minimum yield strength. ASCE 41-06 refers to Section 21 of ACI 318 for effective 
flange width calculations. 

ASCE 41-06 provides default component-level load-deformation relationships for linear and 
non-linear analysis of reinforced concrete structures. For the linear analysis procedures, ASCE 
41-06 recommends the use of component effective stiffness values that correspond to the secant 
value at the yield point of the component. In the absence of experimental data, the default values 
of Table 1-1 are permitted to be used, where cE  is the modulus of elasticity of concrete, gI  is the 
moment of inertia of gross concrete section about centroidal axis neglecting reinforcement, wA  is 
the area of the web cross section, and gA  is the gross area of the cross section. 

Table 1-1 ASCE 41-06 default values for stiffness for linear analysis of structural walls 

Component Flexural 
Rigidity 

Shear 
Rigidity 

Axial 
Rigidity 

Walls (uncracked) 0.8 c gE I  0.4 c wE A  c gE A  

Walls (cracked) 0.5 c gE I  0.4 c wE A  c gE A  
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Figure 1-8 presents the general component load-deformation relationship of ASCE 41-06 for 
nonlinear analysis. For structural walls, the slope from point A to B can be determined using the 
data of Table 1-1. If the response is dominated by shear, the strength associated with points B 
(yield strength) and C (nominal shear strength) are taken to be the same. The nominal shear 
strength corresponding to points B and C can be calculated by Equation 1-8; c  is the residual 
strength ratio, given as a decimal fraction of the nominal shear strength, d  is the drift ratio 
corresponding to the nominal shear strength (point C) and e  is the ultimate drift ratio (point E); 
the default values of c , d  and e  are specified as 0.40, 0.75 and 2.0 respectively for walls 
governed by shear. ASCE 41-06 notes members with axial forces higher than 0.15 ′g cA f  must be 
treated as force-controlled components. 

 
Figure 1-8 Default load-displacement relationship in ASCE 41-06 [ASCE (2007)] 

1.3.3 ASCE 43-05 [ASCE (2005)] 

ASCE 43-05, Seismic Design Criteria for Structures, Systems, and Components in Nuclear 
Facilities and Commentary, provides equations for the effective stiffness of reinforced concrete 
walls (repeated in Table 1-2) to be used in linear elastic static or dynamic analysis. In Table 1-2, 

cE  is the modulus of elasticity of concrete per ACI 318 (=57000 ′cf  in psi or 4733 ′cf  in 
MPa), gI  is the gross moment of inertia, wA  is the web area, and gA  is the gross area of the 
concrete section, cG  is the concrete shear modulus ( 0.4 cE ), V  is the wall shear force, cV  is the 
nominal strength of the concrete, bf  is the bending stress, and crf  is the cracking stress. 

ASCE 43-05 refers to ACI 349-01 [ACI (2001)] for the nominal shear strength calculation of 
reinforced concrete walls. However, ASCE 43-05 notes that the procedure of ACI 349-01 is 
generally too conservative and presents an alternative shear-strength calculation method, which 
is presented in Equations 1-9 through 1-11. The procedure is applicable for walls with barbells or 
flanges that have aspect ratios of less than or equal to 2.0. If the web reinforcement ratios exceed 
1.0%, the combined reinforcement ratio seρ  (calculated using Equation 1-11) is limited to 1.0%. 

ASCE 43-05 procedure imposes an upper limit of 20 ′cf  on peak shear stress as seen in 
Equation 1-10. 
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Table 1-2 ASCE 43-05 effective stiffness values for reinforced concrete walls 

Component Flexural Rigidity Shear Rigidity Axial Rigidity 

Walls (uncracked) ( )<c g b crE I f f  ( )<c w cG A V V  c gE A  

Walls (cracked) 0.5 ( )<c g b crE I f f 0.5 ( )>c w cG A V V c gE A  

 =u u nV v dt  (1-9) 

 8.3 3.4 0.5 20
4

⎛ ⎞⎛ ⎞
′ ′ ′= − − + + ≤⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

w A
u c c se y c

w w n

h Nv f f f f
l l t

φ ρ φ  (1-10) 

 = +se v hA Bρ ρ ρ  (1-11) 

In Equations 1-9 through 1-11, φ  is the capacity reduction factor assumed equal to 0.8, ′cf  (psi) 
is the concrete compressive strength, wh  (in) is the wall height, wl  (in) is the wall length, AN  (lb) 
is the co-existing axial load, nt  (in) is the wall thickness, seρ  is the combined reinforcement ratio 
calculated using hρ  (horizontal reinforcement ratio) and vρ  (vertical reinforcement ratio) and 
the constants A  and B  presented in Table 1-3, yf  (psi) is the reinforcement yield strength, uν  
(psi) is the ultimate shear stress, uV  (lb) is the shear capacity, and d  (in) is the distance from the 
extreme compression fiber to the center of force of all reinforcement in tension which may be 
determined from a strain compatibility analysis. If a strain compatibility analysis is not 
performed d  is set equal to 0.6 wl . 

Table 1-3 A  and B  constants used to calculate seρ  

Aspect Ratio A  B  

/ 0.5≤w wh l  1 0 

0.5 / 1.5≤ ≤w wh l / 1.5− +w wh l  / 0.5−w wh l  

/ 1.5≥w wh l  0 1 

1.4 Research Objectives  

The objectives of the research project presented in this report are six-fold, namely, 

1. To compile metadata and response data for all tests of squat reinforced concrete walls 
reported in the literature since the 1950s 

2. To evaluate the utility of equations used in the United States to predict the shear strength 
of squat reinforced concrete walls of differing cross sections 
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3. To develop new predictive equations for peak shear strength of squat reinforced concrete 
walls if the existing equations prove unsatisfactory 

4. To provide guidance on nonlinear finite element analysis of squat reinforced concrete 
walls of differing cross sections 

5. To develop macro-level hysteretic models for squat reinforced concrete walls 

6. To prepare fragility functions, damage states and methods of repair for squat reinforced 
concrete walls in a form suitable for performance assessment and loss computations. 

Collectively, the goal is to improve substantially the state of knowledge on the seismic response 
of squat (short) reinforced concrete walls. 

1.5 Report Outline 

This report is organized in nine sections, a list of references, and five appendices. Section 1 
provides introductory information on squat reinforced concrete walls. Section 2 presents a 
literature review, which includes a brief summary of the squat wall experiments in the literature 
and analytical studies that focused on predicting the behavior of squat walls. The literature 
presented on analytical studies includes a review of existing stiffness and peak shear-strength 
prediction procedures, macro models used to predict global behavior, and finite element studies. 
Section 3 presents summary information on a squat wall database assembled using data from 
tests of 434 walls. (Detailed information is presented on each wall in the database in Appendix 
A.) Section 4 investigates the performance of five widely used equations to predict the peak 
shear strength of squat reinforced concrete walls. Section 5 focuses on finite element analysis of 
squat walls. (Appendix B presents information on the mathematical formulations used to 
simulate the behavior of reinforced concrete squat walls.) Using the data presented in Section 3 
and Appendix A, empirical peak shear strength equations are developed in Section 6. In Section 
7, the hysteretic behavior of selected squat walls is simulated using a cyclic deterioration model 
developed by Ibarra et al. (2005). Fragility functions are developed in Section 8 for squat walls 
in building and nuclear structures. Three appendices are included to support Section 8, namely, 
Appendices C, D, and E. Appendix C presents a summary of the assembled damage data; 
Appendix D presents a discussion on total crack lengths to be repaired using epoxy injection; and 
Appendix E provides information on scopes of repair for squat reinforced concrete walls. Section 
9 summarizes the study, identifies the key conclusions, and provides recommendations for future 
research. A list of references follows Section 9. 
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2 LITERATURE REVIEW 

2.1 Overview 

This section provides a review of the literature on experimental and analytical studies of squat 
reinforced concrete walls. The section is organized using two sub-sections: Section 2.2, which 
presents a summary of the experimental programs conducted on squat reinforced concrete walls; 
and Section 2.3, which presents a summary of analytical studies used to model squat reinforced 
concrete walls. 

2.2 Review of Experimental Programs 

A significant number of tests of squat reinforced concrete walls were conducted from 1950 to the 
time of this writing in countries including the United States, Canada, Chile, England, France, 
Germany, Japan, New Zealand, Switzerland, Portugal, Mexico, Australia, and Taiwan. These 
tests were conducted mainly at the component level and mainly on walls with three types of 
cross sections, namely, rectangular, barbell (rectangular section with columns at wall ends), and 
flanged (rectangular section with cross walls at the ends). Table 2-1 presents summary 
information on the experimental programs conducted on squat reinforced concrete walls without 
openings (solid walls). 

2.3 Review of Studies on Analytical Modeling 

The following subsections introduce studies that focused on analytical modeling of squat 
reinforced concrete walls. The first sub-section reviews studies on the calculation of elastic 
stiffness. The second sub-section reviews studies on the calculation of peak shear strength. The 
third sub-section introduces studies on macro models (backbone curves and fiber-based 
modeling) that are used to predict global response characteristics (e.g., load-displacement 
relationships). The last sub-section reviews studies on finite element analysis of squat walls. 

2.3.1 Wall Stiffness 

2.3.1.1 Sozen and Moehle (1993) 

Sozen and Moehle (1993) evaluated the utility of elastic stiffness calculation procedures for 
walls with moment-to-shear ratios of less than 2.0 using experimental data. They calculated the 
elastic stiffness using strength of materials principles accounting for both flexural and shear 
deformations and assuming a cantilever wall model with a fixed foundation. Gross section 
moment-of-inertia was used to calculate flexural deflections and an effective shear area [taken as 

/1.2wA  for walls with rectangular sections and /1.1wA  for walls with flanges; wA  is the product 
of wall depth ( )wl  with wall web thickness ( )wt ] was used to calculate shear deflections. Sozen 
and Moehle (1993) reported that the experimentally measured elastic stiffnesses were 
consistently less than those calculated using strength of materials principles. They attributed the 
difference to flexibility beyond the web of the wall such as deformability of base girder, 



 16

Table 2-1 Review of experimental programs on squat reinforced concrete walls 

Program ID / 
Reference Information 

Galletly / Galletly 
(1952) 

Twelve walls with barbell cross-sections were tested. The 
moment-to-shear of each wall was 0.72. None of the walls was 
tested with coexisting axial force. All walls were loaded 
monotonically. 

Benjamin / Benjamin 
and Williams (1953, 

1954, 1956) 

Walls with barbell cross-sections were tested. Wall moment-to-
shear ratios ranged between 0.31 and 1.0. None of the walls was 
tested with coexisting axial force. All walls were loaded 
monotonically. 

Antebi / Antebi et al. 
(1960) 

Sixty walls with barbell cross-sections were tested. Wall 
moment-to-shear ratios ranged between 0.34 and 0.64. None of 
the walls was tested with coexisting axial force. Nineteen walls 
were subjected to blast loads; forty-one walls were loaded 
monotonically. The tension columns of 9 specimens were 
strengthened using externally attached steel bars (Walls 21 
through 24 and 26 through 30). Three walls failed prematurely by 
the failure of the welded connection at the base of the tension 
column (Walls 1 through 3). No data were recorded for two walls 
(Walls 39 and 42). 

Barda / Barda (1972) 

Eight walls with flanged cross-sections were tested. Wall 
moment-to-shear ratios ranged between 0.25 and 1.0. None of the 
walls was tested with coexisting axial force. Two walls were 
loaded monotonically and six walls were loaded cyclically 
(quasi-static). 

Alexander / Alexander 
et al. (1973) 

Five walls with rectangular cross-sections were loaded cyclically 
(quasi-static). Wall aspect ratios ranged between 0.50 and 1.50. 
Three walls were tested with coexisting axial forces that ranged 
between 0.046 t cA f ′  and 0.093 t cA f ′ . Four walls (2, 3, 4, and 5) 
included additional reinforcement at the interface between the 
wall-web and foundation. 

Shiga / Shiga et al. 
(1973); Shiga et al. 

(1975) 

Seventeen walls with barbell cross-sections were tested. The 
moment-to-shear ratio of each wall was 0.63. Twelve walls were 
tested with coexisting axial forces that ranged between 
0.146 t cA f ′  and 0.321 t cA f ′ . Two walls were loaded monotonically 
and fifteen walls were loaded cyclically (quasi-static). 

Note: Program IDs are assigned to each experimental program for identification throughout this report. Program 
IDs either represent the primary researchers of experiment programs or the organizations associated with test 
program (e.g., NUPEC). 
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Table 2-1 Review of experimental programs on squat reinforced concrete walls (cont’d) 

Aoyagi / Hirosawa 
(1975) 

Five walls with barbell cross-sections were cyclically loaded 
(quasi-static). The moment-to-shear ratio of each wall was 0.50. 
None of the walls was tested with coexisting axial force. 

Endo / Hirosawa (1975) 

Three 2-story and two 1-story walls with barbell cross-sections 
were loaded cyclically (quasi-static). Wall moment-to-shear 
ratios ranged between 0.39 and 0.83. All walls were tested with 
coexisting axial forces that ranged between 0.053 t cA f ′  and 
0.070 t cA f ′ . 

Hirosawa / Hirosawa 
(1975) 

Fourteen walls with rectangular cross-sections were cyclically 
loaded (quasi-static). Wall moment-to-shear ratios ranged 
between 1.0 and 2.0. All walls were tested with coexisting axial 
forces that ranged between 0.094 t cA f ′  and 0.143 t cA f ′ . 

Ryo / Hirosawa (1975) 

Three walls with barbell cross-sections were tested. Wall 
moment-to-shear ratios ranged between 0.58 and 0.85. None of 
the walls was tested with coexisting axial force. One wall was 
subjected to repeated loading and two walls were loaded 
cyclically (quasi-static). 

Sugano / Hirosawa 
(1975) 

Ten walls with barbell cross-sections were tested. Wall aspect 
ratios ranged between 0.36 and 0.52. Eight walls were tested with 
coexisting axial forces that ranged between 0.071 t cA f ′  and 
0.167 t cA f ′ . Two walls were loaded monotonically and 8 walls 
were loaded cyclically (quasi-static). 

Tsuboi / Hirosawa 
(1975) 

Six walls with barbell cross-sections were subjected to repeated 
loading (quasi-static). The aspect ratio of each wall was 0.50 but 
the moment-to-shear ratios ranged between 0.80 and 1.77. None 
of the walls was tested with coexisting axial force. 

Yoshizaki / Hirosawa 
(1975) 

Fifteen walls with rectangular cross-sections were cyclically 
loaded (quasi-static). Wall moment-to-shear ratios ranged 
between 0.54 and 1.08. None of the walls was tested with 
coexisting axial force. 

Cardenas / Cardenas et 
al. (1980) 

Seven walls with rectangular cross-sections were tested. The 
moment-to-shear ratio of each wall was 1.08. None of the walls 
was tested with coexisting axial force. Six walls were loaded 
monotonically and one wall was loaded cyclically (quasi-static). 

Hernandez / Hernandez 
(1980) 

Seven walls with rectangular, four walls with flanged, and nine 
walls with barbell cross-sections were tested. Moment-to-shear 
ratios ranged between 0.50 and 2.0. All walls were tested with 
coexisting axial forces that ranged between 0.058 t cA f ′  and 
0.126 t cA f ′ . All walls were loaded cyclically (quasi-static). 
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Table 2-1 Review of experimental programs on squat reinforced concrete walls (cont’d) 

Program ID / 
Reference Information 

Synge / Synge (1980) 

Two walls with flanges and two walls with rectangular cross-
sections were cyclically loaded (quasi-static). The moment-to-
shear ratio of each wall was 0.57. None of the walls was tested 
with coexisting axial force. One flanged wall and one rectangular 
wall included diagonal web reinforcement.  

Endebrock / Endebrock 
et al. (1985) 

Twelve small-scale ( 1=wt  in.) walls with rectangular cross-
sections were tested. Eleven walls simulated single story 
structures ( / 0.42=w wh l ); one wall simulated a two-story 
structure ( / 1.01=w wh l ). The experimental program was divided 
into three groups with respect to testing procedure, namely, 
quasi-static tests, sine-sweep vibration tests, and simulated 
seismic tests. Five single story walls (No. 1 through No. 5) were 
loaded quasi-statically (two monotonic, three cyclic). None of the 
walls was tested with coexisting axial force. Three walls included 
additional reinforcement at the interfaces between the wall-web 
and foundation and wall-web and top beam. Sine-sweep vibration 
tests and simulated seismic tests were conducted using an 
earthquake simulator. Four single story walls (No. 10 through 13) 
were subjected to sine-sweep vibration tests; two single-story 
(No. 21 and 23) and one two-story (No. 2-2) walls were subjected 
to simulated seismic tests. Tests on earthquake simulator were 
conducted using 300 lb of additional weight (steel plates) per 
story.  

Chiba / AIJ (1985a) 

Eight walls with barbell cross-sections were tested using cyclic 
loading (quasi-static). Wall moment-to-shear ratios ranged 
between 0.35 and 0.70. All walls were tested with coexisting 
axial forces that ranged between 0.049 t cA f ′  and 0.123 t cA f ′ . 

Kabeyasawa / Ogata 
and Kabeyasawa 

(1984); Kabeyasawa 
and Somaki (1985) 

Ten walls with barbell cross-sections were tested using cyclic 
loading (quasi-static). The aspect ratio of each wall was 0.75; the 
moment-to-shear ratio varied between 0.75 and 2.00 during each 
test. All walls were tested with coexisting axial forces that ranged 
between 0.072 t cA f ′  and 0.098 t cA f ′ . Four walls included diagonal 
web reinforcement (K5, K6, K9, and K10) and one wall (K8) 
included 45 degree rotated orthogonal reinforcement. 
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Table 2-1 Review of experimental programs on squat reinforced concrete walls (cont’d) 

Program ID / 
Reference Information 

Maier / Maier and 
Thürlimann (1985) 

Seven walls with flanged and 3 walls with rectangular cross-
sections were tested. Moment-to-shear ratios of all walls were 
1.02. All walls were tested with coexisting axial forces that 
ranged between 0.063 t cA f ′  and 0.273 t cA f ′ . Six walls were 
loaded monotonically and 4 walls were loaded cyclically (quasi-
static). One monotonically loaded wall (S10) included additional 
vertical reinforcement on the tension side and one cyclically 
loaded wall (S8) included an opening. 

Wiradinata / Wiradinata 
(1985) 

Two walls with rectangular cross-sections were tested using 
cyclic loading (quasi-static). Moment-to-shear ratios ranged 
between 0.33 and 0.58. Neither wall was tested with a coexisting 
axial force. 

Yagishita / AIJ (1986c) 

Three walls with barbell cross-sections were tested using cyclic 
loading (quasi-static). The moment-to-shear ratio of each wall 
was 0.52. Two walls were tested with coexisting axial forces of 
0.066 t cA f ′  and 0.067 t cA f ′ , respectively. 

Fukuzawa / AIJ (1985b) 

Twelve walls with barbell cross-sections were tested using cyclic 
loading (quasi-static). Moment-to-shear ratios ranged between 
0.35 and 0.70. Ten walls were tested with coexisting axial forces 
that ranged between 0.056 t cA f ′  and 0.124 t cA f ′ . 

Hatori / AIJ (1986b) 

Six walls with barbell cross-sections were tested using cyclic 
loading (quasi-static). The moment-to-shear ratio of each wall 
was 0.52. Five walls were tested with coexisting axial forces that 
ranged between 0.055 t cA f ′  and 0.116 t cA f ′ . 

Taga / AIJ (1986a) 

Seven walls with barbell cross-sections were tested using cyclic 
loading (quasi-static). The moment-to-shear ratio of each wall 
was 0.55. All walls were tested with coexisting axial forces that 
ranged between 0.034 t cA f ′  and 0.076 t cA f ′ . 

Pilette / Pilette (1987) 

Two walls with rectangular cross-sections were tested using 
cyclic loading (quasi-static). The moment-to-shear ratio of each 
wall was 0.58. Neither wall was tested with a coexisting axial 
force. 
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Table 2-1 Review of experimental programs on squat reinforced concrete walls (cont’d) 

Program ID / 
Reference Information 

Sheu / Huang and Sheu 
(1988, 1994), Cheng 
(1992), Cheng et al. 

(1994), Cheng and Yang 
(1996), Sheu (2007) 

Twenty-seven walls with rectangular and 17 walls with barbell 
cross-sections were tested. Moment-to-shear ratios ranged 
between 0.65 and 1.90. Four walls with rectangular cross-
sections were tested with a coexisting axial force of 0.12 t cA f ′  
and one wall with barbell cross-section was tested with a 
coexisting axial force of 0.063 t cA f ′ . Nineteen walls were loaded 
monotonically, 3 walls were subjected to repeated loading, and 
22 walls were loaded cyclically (quasi-static). 

Wasiewicz / Wasiewicz 
(1988) 

Two walls with rectangular cross-sections were tested using 
cyclic loading (quasi-static). Moment-to-shear ratios ranged 
between 0.33 and 0.58. Neither wall was tested with a coexisting 
axial force. Additional vertical reinforcement at the interface 
between the wall web and foundation was placed in both walls 
with the intention of controlling sliding shear. 

Saito / Saito et al. 
(1989) 

Nine walls with flanged cross-sections were tested using cyclic 
loading (quasi-static). Moment-to-shear ratios ranged between 
0.47 and 0.94. All walls were tested with coexisting axial forces 
that ranged between 0.027 t cA f ′  and 0.079 t cA f ′ . 

Sato / Sato et al. (1989) 

Twenty-two walls with flanged cross-sections were tested using 
cyclic loading (quasi-static). Moment-to-shear ratios ranged 
between 0.56 and 1.12. All walls were tested with coexisting 
axial forces that ranged between 0.045 t cA f ′  and 0.082 t cA f ′ . 

Lefas / Lefas et al. 
(1990) ; Lefas and 
Kotsovos (1990) 

Seventeen walls with rectangular cross-sections were tested. 
Moment-to-shear ratios ranged between 1.10 and 2.12. Seven 
walls were tested with coexisting axial forces that ranged 
between 0.087 t cA f ′  and 0.182 t cA f ′ . Fourteen walls were loaded 
monotonically and 3 walls were loaded cyclically (quasi-static). 
Wall SW25 was reported to have failed prematurely due to an 
unintended eccentricity that formed during the test. 

Rothe / Rothe (1992) 

Six walls with barbell and 5 walls with rectangular cross-sections 
were tested. The moment-to-shear ratio of each wall was 1.50. 
Three walls were tested with coexisting axial forces that ranged 
between 0.065 t cA f ′  and 0.096 t cA f ′ . One wall was loaded 
monotonically, 5 walls were loaded cyclically (quasi-static) and 5 
walls were tested using an earthquake simulator. 
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Table 2-1 Review of experimental programs on squat reinforced concrete walls (cont’d) 

Program ID / 
Reference Information 

Mohammadi-Doostdar / 
Mohammadi-Doostdar 

(1994) 

Two walls with rectangular cross-sections were tested using 
cyclic loading (quasi-static). Moment-to-shear ratios ranged 
between 0.82 and 1.09. None of the walls was tested with a 
coexisting axial force. 

Pilakoutas / Pilakoutas 
(1991) 

Six walls with rectangular cross-sections were tested using cyclic 
loading (quasi-static). The moment-to-shear ratio of each wall 
was 2.13. None of the walls was tested with a coexisting axial 
force. 

Seki / Seki et al. (1995) 

Six walls with flanged cross-sections were tested using cyclic 
loading (pseudo-dynamic). Moment-to-shear ratios ranged 
between 0.59 and 0.98. Three walls were tested with coexisting 
axial forces that ranged between 0.034 t cA f ′  and 0.035 t cA f ′ . 

Mo / Mo and Chan 
(1996) 

Twenty walls with flanged cross-sections were tested using cyclic 
loading (quasi-static). The moment-to-shear ratio of each wall 
was 0.76. None of the walls was tested with a coexisting axial 
force. 

NUPEC / Kitada et al. 
(1997) 

Two walls with flanged cross-sections were tested using an 
earthquake simulator. The moment-to-shear ratio of both walls 
was 0.77. Both walls were tested with coexisting axial forces 
(0.039 t cA f ′  for wall U-1; 0.038 t cA f ′  for wall U-2). 

Hidalgo / Hidalgo et al. 
(1998) 

Twenty-six walls with rectangular cross-sections were tested 
using cyclic loading (quasi-static). Wall aspect ratios ranged 
between 0.70 and 2.0 but the corresponding moment-to-shear 
ratios were 0.35 and 1.0 since the lateral load was applied at the 
mid-height of the walls. None of the walls was tested with a 
coexisting axial force. 

Salonikios / Salonikios 
et al. (1999) 

Eleven walls with rectangular cross-sections were tested using 
cyclic loading (quasi-static). Moment-to-shear ratios ranged 
between 1.10 and 1.60. Two walls were tested with a coexisting 
axial force of 0.07 t cA f ′ . Four walls included diagonal web 
reinforcement. One wall was reported to have failed out-of-plane 
buckling (MSW-2). 

XiangDong / 
XiangDong (1999) 

Thirteen walls with barbell cross-sections were tested using 
cyclic loading (quasi-static). The moment-to-shear ratio of each 
wall was 0.75. All walls were tested with coexisting axial forces 
that ranged between 0.013 t cA f ′  and 0.093 t cA f ′ . Four walls 
(FSW-1, FSW-2, FSW-3, and FSW-11) failed prematurely. 
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Table 2-1 Review of experimental programs on squat reinforced concrete walls (cont’d) 

Program ID / 
Reference Information 

Xie / Xie and Xiao 
(2000) 

One wall with rectangular cross-section was tested using cyclic 
loading (quasi-static). The moment-to-shear ratio of the wall was 
0.59 and the wall was tested with a coexisting axial load of 
0.094 t cA f ′ .  

Lopes / Lopes and 
Elnashai (1991) 

Seven walls with rectangular cross-sections were tested. The 
moment-to-shear ratio of each wall was 1.10 whereas the aspect 
ratio was 1.90. None of the walls was tested with coexisting axial 
forces. One wall was loaded monotonically and 6 walls were 
loaded cyclically (quasi-static). One wall included an embedded 
steel plate to simulate a pre-existing crack. 

SAFE / Naze and 
Sidaner (2001) 

Thirteen walls with flanged cross-sections were tested using 
cyclic loading (pseudo-dynamic). All walls had an aspect ratio of 
0.40 but the corresponding moment-to-shear ratio was 0.20 since 
the lateral load was applied at the mid-height of the walls. Three 
walls were tested with a coexisting axial force of 0.025 t cA f ′ . 
Two walls were reported to have failed prematurely (T1 and T2). 
One wall (T13) was strengthened on both faces of the web using 
CFRP (carbon fiber reinforced polymer).  

Palermo / Palermo and 
Vecchio (2002a) 

Two walls with flanged cross-sections were tested using cyclic 
loading (quasi-static). The moment-to-shear ratio of each wall 
was 0.76. One wall was tested with a coexisting axial force of 
0.054 t cA f ′ . 

Bouchon / Bouchon et 
al. (2004) 

Three walls with barbell cross-sections were tested using cyclic 
loading (quasi-static). All walls had an aspect ratio of 0.40 but 
the corresponding moment-to-shear ratio was 0.20 since the 
lateral load was applied at the mid-height of the walls. All walls 
were tested with coexisting axial forces that ranged between 
0.027 t cA f ′  and 0.035 t cA f ′ . Only one wall (No.3) was loaded to 
its peak shear strength. 

Greifenhagen / 
Greifenhagen et al. 

(2005) 

Four walls with rectangular cross-sections were tested using 
cyclic loading (quasi-static). Moment-to-shear ratios of all walls 
were 0.69. All walls were tested with coexisting axial forces that 
ranged between 0.022 t cA f ′  and 0.095 t cA f ′ . 
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Table 2-1 Review of experimental programs on squat reinforced concrete walls (cont’d) 

Program ID / 
Reference Information 

Massone / Massone 
(2006) 

Ten walls with rectangular cross-sections were tested using cyclic 
loading (quasi-static). Six walls were identified as piers in 
Massone (2006) four of which were tested with coexisting axial 
force that ranged between 0.05 t cA f ′  and 0.10 t cA f ′ . Remaining 
four walls were tested without axial forces [identified as 
spandrels in Massone (2006)] and included weakened joints at 
the mid-heights of the walls created by cutting the vertical web 
reinforcement and reducing the wall thickness. Aspect ratios of 
the piers were 0.89 whereas the moment-to-shear ratios were 
0.44 since the load was applied at the mid-height of the walls. 
Aspect ratio of the spandrels was 1.0 and the corresponding 
moment-to-shear ratio was 0.50. 

Farvashany / 
Farvashany et al. (2008) 

Seven walls with flanged cross-sections were tested using 
monotonic loading. The moment-to-shear ratio of each wall was 
1.36. All walls were tested with coexisting axial forces that 
ranged between 0.043 t cA f ′  and 0.216 t cA f ′ . High-strength 
concrete was used for the walls in the test program with ′cf  
ranging between 84 MPa and 104 MPa (12.2 ksi and 15.1 ksi). 

Kuang / Kuang and Ho 
(2008) 

Eight walls with rectangular cross-sections were tested using 
cyclic loading (quasi-static). Moment-to-shear ratios ranged 
between 1.13 and 1.63. All walls were tested with a coexisting 
axial force of 0.15 t cA f ′ . One wall included crossties between the 
vertical web reinforcement. 

reinforcement slip, and cracks at the wall-girder junctions. Sozen and Moehle (1993) proposed a 
modification to the calculation of flexural stiffness that accounts for these sources of flexibility. 

2.3.1.2 Farrar and Baker (1993) 

An experimental program focusing on seismic behavior of reinforced concrete components used 
in nuclear power plants (The Seismic Category I Structures Program) started in 1980 at Los 
Alamos National Laboratory (LANL) with the sponsorship of Nuclear Regulatory Commission’s 
Office of Nuclear Regulatory Research. The objective of the program was to investigate the 
response characteristics of Category I Reinforced Concrete Structures, which included one- and 
two-story isolated walls (1/30 scale, 1 in. thick walls), one- and two-story diesel generator 
buildings (1/10 and 1/30 scale), three-story auxiliary buildings (1/42 and 1/14 scale) and flanged 
walls with heavily reinforced top and bottom slabs under seismic loading. The experimental 
program included tests of 37 shear wall structures using quasi-static (monotonic and cyclic) and 
dynamic (sine sweep, random, simulated seismic and impulse) loading. The test results of 
isolated walls, diesel generator and auxiliary buildings indicated that the experimentally 
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measured elastic stiffnesses were lower than those calculated using strength-of-materials 
principles [Endebrock et al. (1985), Dove et al. (1987), Bennett et al. (1987a), Bennett et al. 
(1987b), Bennett et al. (1988)]. The focus of the program was then shifted to estimation of elastic 
stiffness of reinforced concrete walls. A final series of tests were performed on 15 TRG1 walls 
(TRG-1 and TRG-3 through TRG-16)2 [Farrar et al. (1989), Farrar et al. (1990a), Farrar et al. 
(1990b), Farrar et al. (1991), Farrar and Baker (1993)]. Based on the outcome of the tests of the 
TRG walls, the researchers concluded that the overestimation of the experimentally measured 
values of elastic lateral stiffness using strength-of-materials principles for the earlier tests and for 
TRG-1, TRG-3, and TRG-6 walls were due to damage that occurred during transportation, lack 
of adequate resolution in the instrumentation and rocking of the earthquake simulator. Farrar and 
Baker (1993) stated that the results of these tests were not as reliable as the subsequent tests 
(TRG-4, TRG-5 and TRG-7 through TRG-16) for which the experimentally measured stiffnesses 
were comparable to those calculated using strength-of-materials approaches or finite element 
models. They noted that the best estimates using strength-of-materials principles were obtained 
assuming that flanges were fully effective in contributing to the flexural stiffness of the walls. 
The study recommended that the use of stiffness reduction factors to calculate effective 
stiffnesses of walls be abandoned. 

2.3.1.3 ASCE (1994) 

A report [ASCE (1994)] prepared by the working group on the stiffness of concrete shear wall 
structures of the ASCE dynamic analysis committee reviewed the in-plane stiffness calculation 
procedures for squat reinforced concrete walls used in nuclear power plants. The study 
recommended using two elastic stiffness estimates (lower and upper bound) to address the 
variation of elastic wall stiffness. Lower and upper bounds on elastic stiffness were calculated 
using strength-of-materials principles with the only difference being in the estimation of the 
modulus of elasticity and shear modulus used for the calculations. The calculated values of the 
modulus of elasticity (per ACI) and shear modulus (using elasticity) were both decreased by 25% 
to calculate the lower bound estimate on elastic stiffness whereas they were both increased by 
25% to calculate the upper bound estimate. The upper bound sought to account for the 
probability of ′cf  being higher than the specified 28-day strength. The lower bound was based on 
experimental data and assumptions regarding variation of concrete quality in the field. 

2.3.2 Peak Shear Equations 

Peak shear strength is the major response variable in force-based design and performance 
assessment. The following sub-sections review four procedures used to calculate the peak shear 
strength of squat reinforced concrete walls. 

2.3.2.1 Fukuzawa et al. (1988) 

Fukuzawa et al. (1988) used an empirically derived relationship, presented in Equations 2-1 
through 2-6 herein, to calculate the peak shear strength of barbell walls. The procedure summed 

                                                 
1 Reinforced concrete walls with flanges named after the Technical Review Group (TRG) that proposed the wall 
geometry for testing. 
2 TRG-2 was not tested because of cracks formed during curing. 
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the contributions of concrete ( cατ ) calculated per Equation 2-4, web reinforcement ( sτ ) 
calculated per Equation 2-5, and axial force ( 0τ ) calculated per Equation 2-6 to estimate the peak 
shear strength. The contribution of concrete to peak shear strength was calculated using a 
parameter (α ) that was a function of the ratio of total area of barbells (Σ cA ) to effective wall 
area ( wA ), therefore, the procedure explicitly accounted for the effect of (boundary) barbells on 
peak shear strength. The calculation of α  is per Equation 2-3 and the effective wall area is 
calculated as the product of wall length measured from the centers of the boundary barbells ( D ) 
with wall thickness ( wt ). 
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In Equations 2-4 through 2-6, ′cf  (kg/cm2) is the concrete compressive strength, /M QD  is the 
moment-to-shear ratio, wρ  is the web reinforcement ratio3, yf  (kg/cm2) is the corresponding 
yield stress, P  (kg) is the axial force on the section and tA  (cm2) is the total wall area. The 
applicability of the Fukuzawa et al. (1988) procedure is limited to the range of the data it was 
generated; the moment-to-shear ratios ( /M QD ) ranged between 0.4 and 0.8, ′cf  ranged between 
150 kg/cm2 (14.7 MPa) and 600 kg/cm2 (58.9 MPa), 0τ  ranged between 0 and 40 kg/cm2 (3.9 
MPa) and the ratio of /Σ c wA A  was 0.2≥ . Note that Fukuzawa et al. (1988) procedure requires 
the use of kg/cm2 as the stress unit. 

                                                 
3 The procedure assumes equivalent horizontal and vertical web reinforcement ratios therefore the variable wρ  
refers to both.  
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2.3.2.2 Barda et al. (1977) 

Barda et al. (1977) proposed Equation 2-7 to calculate the peak shear strength of squat reinforced 
concrete walls. The equation was derived using experimental data from tests of 8 squat walls 
with heavily reinforced flanges.  
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In Equation 2-7, the shear strength attributed to concrete (first two terms in parenthesis) 
increases with decreasing aspect ratio. In Equation 2-7, uN  (lb) is the axial force, nρ  is the 
vertical web reinforcement ratio, ′cf  (psi) is the concrete compressive strength, wh  (in) is the 
wall height, wl  (in) is the wall length, h  (in) is the web thickness, d  (in) is the distance from 
extreme tension fiber to centroid of tension reinforcement, and yf  (psi) is the yield stress for the 
vertical web reinforcement. 

2.3.2.3 Wood (1990) 

Wood (1990) evaluated experimental peak shear strength data obtained from 143 squat wall 
tests. Wood (1990) proposed a semi-empirical equation based in part on a shear-friction analogy 
to estimate the peak shear strength of squat walls: 
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where ′cf  (psi) is the concrete compressive strength, vfA  (in2) is the area of total vertical 
reinforcement in the wall, yf  (psi) is the yield stress associated with vertical reinforcement in the 
wall, and cvA  (in2) is effective wall area equal to the product of web thickness ( wt ) and wall 
length ( wl ). 

2.3.2.4 Hwang et al. (2001) 

Hwang et al. (2001) developed a strut-and-tie model to predict the peak shear strength of squat 
walls for which the governing failure mode was diagonal compression. Three strut-and-tie load 
paths associated with the load transfer through a diagonal concrete strut, vertical reinforcement, 
and horizontal reinforcement are used in the model. The lateral shear force is assigned to these 
resistance mechanisms on the basis of their stiffness. The behavior of cracked concrete was 
represented using the concrete softening model of Zhang and Hsu (1998). Reinforcement was 
modeled using a bilinear relationship with no strain hardening. The authors assessed the 
performance of their model using experimental data for 62 squat walls. The cross-sections for the 
selected walls were rectangular, barbell and flanged and the failure mode was diagonal 
compression only. The mean ratio for experimental to predicted peak shear strength was 1.18 
with a coefficient of variation of 0.17. The model underestimated the peak shear strength of 
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walls with boundary elements whereas it accurately predicted the peak shear strength of 
rectangular walls. 

2.3.3 Macro Models 

Macro models are used to predict the response (e.g., load-displacement relationships) of 
structural components. These models have two advantages over more complex finite element 
models (see Section 2.3.4), namely, a) easier modeling that involves fewer analysis parameters, 
and b) significantly less computation time. The following sub-sections present a summary of 
backbone models and relatively more sophisticated fiber-based models, respectively, used to 
model squat reinforced concrete walls. 

2.3.3.1 Backbone Curves 

Sozen and Moehle (1993) proposed a backbone model to predict the load-displacement response 
of squat reinforced concrete walls up to peak shear strength. The total wall deformation was 
computed as the sum of flexural, shear and slip deformations. Each source of flexibility was 
modeled using a spring. The flexural spring was trilinear with changes in stiffness associated 
with cracking and yielding. The post-yielding stiffness was positive. The shear spring was 
bilinear with the single break point corresponding to shear cracking. The slip spring was linear. 
The method showed reasonable correlation with some experimental data but the utility of the 
method is limited to the accurate definition of the break points and the slopes for the springs. 

Wallace (2007) modified the ASCE 41-06 [ASCE (2007)] backbone curve used to model the 
response of reinforced concrete walls governed by shear. The ASCE 41-06 backbone curve is 
presented in Figure 1-8 and the backbone curve proposed by Wallace (2007) is presented in 
Figure 2-1.  

The modification of Wallace (2007) to the ASCE 41-06 backbone curve was the inclusion of a 
cracking point that is denoted as F in Figure 2-1. The cracking point in the Wallace (2007) model 
corresponds to the shear strength of the component at cracking ( )crV  defined by Equation 2-9. 
The drift angle ( )crγ  at crV  is calculated using Equation 2-10. 
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In equations 2-9 and 2-10, nV  (lb) is the nominal shear strength, ′cf  (psi) is the concrete 
compressive strength, cvA  (in2) is the wall area calculated using wall length and web 
thickness, gA  (in2) is the gross area of the wall cross-section, P  (lb) is axial force and cE  (psi) is 
the modulus of elasticity of concrete. The nominal shear strength ( )nV  corresponding to points B 
and C in Figure 2-1 is calculated using the equation of Chapter 21.9 of ACI 318-08 [ACI 
(2008)]. In Figure 2-1, g  is the drift ratio corresponding to the development of nominal shear 
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Figure 2-1 Load-displacement relationship proposed by Wallace (2007) 

strength, d  is the drift ratio corresponding to the initiation of strength degradation, e  is the 
ultimate drift ratio, and c  is the residual strength ratio, given as a decimal fraction of the nominal 
shear strength. The default values of g , d , e , and c  are specified as 0.4, 1.0, 2.0 and 0.2, 
respectively for walls with axial forces less than or equal to 0.05 ′g cA f  and the corresponding 
values for walls with axial forces higher than 0.05 ′g cA f  are 0.4, 0.75, 1.0 and 0.0, respectively. 

2.3.3.2 Fiber-Based Models 

Following full-scale testing of a seven-story reinforced concrete building, Kabeyasawa et al. 
(1982) developed three vertical line element model (TVLEM) to predict the global response of 
reinforced concrete structural walls. TVLEM consisted of three vertical line elements surrounded 
by rigid beams at the top and bottom, which represented floors of a prototype structure. The 
outer vertical elements model the axial stiffness of boundary columns of the wall and the inner 
element consisted of vertical, horizontal, and rotational springs to model the behavior of wall 
web. The axial stiffness of the vertical elements was modeled empirically and the rotational and 
horizontal springs of the central element were represented using an origin-oriented hysteresis 
model (OOHM). Although the TVLEM formulation showed reasonable agreement with 
experimental results, its utility was limited by a) difficulties in defining the properties of the 
springs representing the panel due to their empirical structure, and b) the inherent incompatibility 
that exists between the wall panel and boundary columns. 

Vulcano et al. (1988) modified the TVLEM formulation to include multiple vertical elements 
(MCPM or MVLEM) for the wall panel. In MVLEM formulation, the vertical elements were 
modeled using a mechanically derived axial stiffness hysteresis model and material modeling 
was improved using more advanced constitutive models [i.e., Menegotto and Pinto (1973) model 
for steel, Colotti and Vulcano (1987) model for uncracked concrete, and Bolong et al. (1980) or 
cracked concrete]. In this approach, the two outer vertical elements modeled the axial stiffness of 
the boundary columns and the inner vertical elements modeled the axial and flexural behavior of 
the wall web. A horizontal spring with an origin-oriented hysteresis model (OOHM) simulated 
the nonlinear shear response of the wall. The formulation of MVLEM addressed some of the 
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shortcomings of the TVLEM and produced improved predictions of the global response of 
slender walls. However, the relative contributions of shear and flexural deformations to overall 
deformations varied significantly with the selection of model parameters and did not correlate 
well with the experimental results, which is later attributed to the interaction between flexural 
and shear deformations [Orakcal et al. (2006)]. 

Massone and Wallace (2004) conducted experiments on slender reinforced concrete walls to 
investigate the nature of interaction between shear and flexural deformations. The study 
concluded that shear deformations are affected by flexural yielding and are not linear even for 
slender reinforced concrete walls whose response is dominated by bending. Orakcal et al. (2006) 
modified the MVLEM formulation to include coupled shear and flexural behavior. The model 
included horizontal springs on all vertical elements as instead of the single horizontal spring used 
for multiple vertical elements in the original MVLEM formulation. The interaction between 
shear and flexure at the fiber level is accounted for by treating each line element as a 
reinforcement concrete panel. A rotating angle panel constitutive model [Rotating angle softened 
truss model (RA-STM), Pang and Hsu (1995)] was used to represent the constitutive behavior of 
the panel. The Orakcal et al. (2006) model reasonably predicted the shear and flexural 
deformations observed in slender wall tests. However, the model had limited success in 
predicting the response of squat reinforced concrete walls. The accuracy of the model diminished 
with decreasing moment-to-shear ratio. The relatively poor performance of the model for squat 
walls was attributed to the use of a zero-resultant horizontal stress at every location on the wall 
and a uniform distribution of shearing strains along the wall length. Each of these modeling 
assumptions is violated in squat reinforced concrete walls. 

2.3.4 Finite Element Modeling of Squat Reinforced Concrete Walls 

A brief summary of finite element applications to reinforced concrete is presented in Section 
2.3.4.1. Section 2.3.4.2 presents a review of studies on finite element modeling of squat 
reinforced concrete walls. 

2.3.4.1 Background – Finite Element Modeling of Reinforced Concrete 

Simplified methods, although they are in general derived empirically using experimental data, 
fail to provide accurate predictions of reinforced concrete behavior in many cases. This may be 
attributed to complex behavior of reinforced concrete that can be characterized by a) cracking, b) 
nonlinear time-dependent (i.e., creep, shrinkage) material behavior of concrete that is 
significantly affected by multiaxial loading conditions, c) interaction between concrete and 
reinforcement (bond characteristics), d) tension stiffening, e) aggregate interlock (friction), and f) 
dowel action of reinforcement. These response characteristics are also influenced by the type of 
the boundary conditions and loading protocol (i.e., cyclic loading), and the rate at which loading 
is applied to the specimen (strain rate). Finite element modeling of reinforced concrete structures 
began in earnest in the early 1970s to address some of these complexities. Various constitutive 
models and modeling techniques have been implemented to model the local and global response 
of reinforced concrete structures. 

Ngo and Scordelis (1967) published the first study on finite element analysis of a structural 
reinforced concrete component: a beam subjected to two-point loading. The concrete was 
assumed to be linear elastic and a pre-selected cracking pattern was defined using link elements 
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represented the nonlinear behavior. Nilson (1968) improved the solution technique developed by 
Ngo and Scordelis (1967) by 1) incorporating nonlinear material properties and bond-slip 
relationships, and 2) tracing the tensile failure of concrete for each crack and updating the mesh 
topology as the cracking progressed. The studies conducted by Ngo and Scordelis (1967) and 
Nilson (1968) used a discrete-crack representation, which models cracks explicitly by updating 
the finite element mesh (separation of nodes). Another viable crack-representation method for 
finite element modeling is the smeared-crack approach that was developed by Rashid (1968) 
who analyzed prestressed concrete reactor structures using axisymmetric finite elements. The 
procedure introduced by Rashid represented cracked concrete as an orthotropic material. In the 
smeared-crack representation, an average stress-strain relationship for cracked concrete is 
adopted in each principal direction and the behavior of cracked concrete is defined in a 
continuous manner. 

Although the early finite element work on reinforced concrete was based on discrete cracking, 
the smeared-crack approach gained popularity quickly due to its simplicity. According to 
Sittipunt and Wood (1993), there are three major drawbacks in using discrete crack approach: 1) 
cracking can occur only along element boundaries which introduces bias into the finite element 
solution, 2) unless the cracks in the model are pre-defined, cracking will cause continuous 
updating of the mesh topology as it progresses, destroying the narrow bandwidth in the structural 
stiffness matrix, and 3) following the separation of nodes, crack closing and reopening has to be 
defined using a contact algorithm that significantly complicates the problem. In contrast, the 
smeared-crack approach has the advantage of utilizing the same mesh topology for a given 
structure throughout the analysis. However, for lightly reinforced structures whose response is 
dictated by a few, wide cracks, the use of discrete-crack approach is a viable alternative. 
Application of models formulated using the smeared-crack approach is appropriate for reinforced 
concrete components with homogeneously distributed cracks. 

The constitutive modeling of cracked concrete consists of two key components for the smeared-
cracking model [Sittipunt and Wood (1993)]: 1) stress-strain relationship, and 2) crack model. 
ASCE (1993) identifies the stress-strain behavior of concrete under various stress states using: 1) 
elasticity theory, 2) plasticity theory, 3) fracture processes, and 4) endochronic theory. There are 
two widely used models to represent cracking, namely, the fixed-crack model and the rotating-
crack model. In both models, cracks initiate in a direction perpendicular to the principal tensile 
stresses when the principal tensile stress in the element exceeds a limiting value that is defined 
by the user. The material then becomes orthotropic with different material properties normal and 
parallel to the cracks. In the fixed-crack model, the crack direction remains fixed throughout the 
analysis whereas in the rotating-crack model, the crack directions are not fixed but are 
continuously aligned orthogonal to the principal tensile stresses. 

Originally developed for axisymmetric elements, smeared modeling of cracks along with 
orthotropic material properties were also widely used to model biaxial loading conditions, a load 
state that is appropriate for modeling squat reinforced concrete walls since their thickness is 
modest in comparison with their length and height. Cervenka (1970) was the first to use a 
smeared-crack approach with a plane stress formulation. Cervenka (1970) used results of 
reinforced-concrete panel experiments to evaluate numerical results. In the years that followed, 
smeared-crack solution techniques were further refined with the development of more advanced 
constitutive models for concrete and reinforcement. The reinforced concrete panel experiments 
conducted by Vecchio and Collins (1982) have played a key role in development of new 



 31

constitutive models for the plane stress state [ASCE (1993)]. Each panel test was analogous to a 
single element in homogeneous stress state. These experiments gave the finite element analysts 
the opportunity to improve their procedures and better match the experimental behavior of 
reinforced concrete. 

The evolution of constitutive models, modeling and solution techniques for finite element 
modeling of reinforced concrete structures over the years is discussed in the State of the Art 
Reports prepared by American Society of Civil Engineers [ASCE (1982, 1986, 1993)]. 

2.3.4.2 Previous Research on Finite Element Modeling of Squat Walls 

In 1991, the Nuclear Power Engineering Corporation (NUPEC) tested two squat walls with 
flanges to failure using an earthquake simulator to investigate their response under dynamic 
loading. The responses of the walls tested by NUPEC were then simulated by researchers who 
volunteered to participate in the Seismic Shear Wall International Standard Problem (SSWISP) 
organized by NUPEC. Forty-seven analytical simulations were made of the response of the 
dynamically tested walls. Thirty-one of these simulations used finite element analysis, 10 used 
simplified models, and 6 used lumped mass models. The finite element analyses used 
commercial software such as ABAQUS, ADINA, and DIANA and research-oriented software. 
The concrete models considered in the analyses were mostly of the smeared-crack type. Details 
of these simulations are reported in OECD/NEA/CSNI (1996). The finite element analysis 
results presented in the OECD report indicate that a) the effect of variation in the tension-
stiffening models on the response was relatively modest, b) the majority of the predicted elastic 
stiffnesses were within 15% of the experimentally measured values, c) two 2-D models that 
assumed an effective flanged width of 1000 mm better simulated the lateral stiffness of the walls 
than a 2-D model that assumed fully effective flanges (2980 mm), d) the simulations that did not 
model the wall foundation performed similarly in predicting lateral stiffness to the simulations 
that modeled the wall foundation, e) the peak shear strengths predicted by the finite element 
analysis simulations varied between 65% and 115% of the experimentally measured values, f) 
the displacements at peak shear strength predicted by the simulations varied between 25% and 
185% of the experimentally measured displacement at peak shear, and g) neither the fixed-crack 
nor the rotating-crack formulations performed better than the other. 

Asfura and Bruin (1997) simulated the response of wall U-1 tested by NUPEC [Kitada et al. 
(1997)] using IDARC2D [Reinhorn et al. (1996)], FEM-I [Ewing, Kariotis, Englekirk & Hart 
(1990)], ADINA [ADINA R&D, Inc. (1995)]: three finite element codes. Fiber modeling was 
used to model the wall in IDARC2D and plane stress elements were used to model the wall in 
FEM-I and ADINA. An effective flange width of 24% of the total flange width as calculated per 
Paulay and Priestley (1992) was assumed for the analyses. Asfura and Bruin (1997) concluded 
that the models simulated the wall response successfully up to first yielding. The lateral stiffness 
of the wall was generally overestimated by the three codes following the first yielding of 
reinforcement. The authors concluded that assumption of an effective flange width of 24% of the 
total flange width was reasonable. 

Ile et al. (1998) presented finite element analysis results that simulated the response of NUPEC 
wall U-1. The analyses were performed using a 2-D model constructed with 3-node plane stress 
elements and a 3-D model constructed shell elements. Reinforcement was modeled discretely 
using truss elements. Ottosen’s four-parameter failure criterion with isotropic hardening and an 
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associated flow rule was used to represent the behavior of concrete. Cracks were modeled as 
smeared and fixed. Reinforcement was modeled as plastic with isotropic hardening. Perfect bond 
was assumed between reinforcement and concrete. Ile et al. (1998) concluded that a) the overall 
response predicted using 2-D and 3-D formulations were similar, b) the predicted crack 
orientation in the wall web was consistent with that of the experiment, c) the strains in the flange 
reinforcement were predicted more accurately using the 3-D model, and d) the experimental 
failure mode of the wall could not be reproduced by any of the models. 

Kwak and Kim (2001) proposed an orthotropic constitutive model based on smeared rotating 
crack approach to predict the behavior of reinforced concrete walls subjected to in-plane 
monotonic loading. The formulation was later extended to simulate cyclic loading [Kwak and 
Kim (2004)]. The model proposed by Kwak and Kim (2001) used the compression softening 
relationship proposed by Vecchio and Collins (1986), which reduces the compressive strength of 
concrete as a function of principal tensile strains. A new tension-stiffening algorithm was 
implemented in the concrete model to account for the effect of reinforcement in horizontal and 
vertical directions. Reinforcement was smeared and its behavior was defined using a bilinear 
stress-strain relationship that included strain hardening. Perfect bond between the concrete and 
the reinforcement was assumed. The model was used to predict the behavior of six squat 
reinforced concrete walls (SW13, SW16, SW21, SW22, SW24, SW25) tested by Lefas et al. 
(1990). The analyses were conducted for two cases: with and without tension stiffening. Kwak 
and Kim (2001) concluded that the proposed model including tension stiffening could reasonably 
predict the experimental load-displacement relationships and the failure modes. The analyses 
conducted without tension-stiffening underestimated the experimentally measured lateral 
stiffnesses of the walls following the initiation of cracking. 

Palermo and Vecchio (2002a) tested two squat flanged walls, which had a similar geometry to 
the NUPEC walls. One of the walls was tested with an additional axial compressive force of 
5.4% of the product of total wall area and ′cf . The experimental responses of the walls were 
simulated using the Modified Compression Field Theory (MCFT) formulation [Vecchio and 
Collins (1986)], which uses a smeared rotating crack approach. VecTor2, an in-house finite 
element analysis software, developed at the University of Toronto was used to perform the 
analyses. The software included a 2-D implementation of the MCFT formulation and is capable 
of simulating cyclic loading. Rectangular 4-noded constant strain elements were used to mesh 
the finite element models of the walls and reinforcement was smeared. Flanges were assumed to 
be fully effective and defined using elements of corresponding width (3045 mm). A shrinkage 
strain of -0.4 ×  10-3 was applied in the finite element analysis, which was used to account for the 
delay between the casting and testing. The predicted peak shear strengths were within 2% and 
17% of the experimentally measured peak shears for walls DP-1 and DP-2, respectively. The 
failure mode for wall DP-1, which was associated with significant concrete crushing in the wall 
web, was successfully predicted. The failure of wall DP-2 was due to sliding between the top 
slab and wall web, which was unexpected. This failure mode could not be captured using the 
finite element model. The authors attributed the relatively inaccurate prediction of the response 
of wall DP-2 to lower concrete strength near the intersection between of wall web and top slab. 
The authors also constructed finite element models for walls SW4, SW5 and SW6 tested by 
Pilakoutas and Elnashai (1995). These walls had an aspect ratio of 2.0 and had mixed failure 
modes. The predicted responses of walls SW4 and SW6 were in good agreement with the 
experimentally measured responses whereas the experimental response of wall SW5 was 
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predicted with less accuracy. The authors attributed the difference in part to the use of smooth 
reinforcement in the experiments. 
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3 SQUAT WALL DATABASE 

3.1 Introduction 

Gulec (2005) reviewed and catalogued the results of tests of 352 reinforced concrete squat walls 
with three different cross-section types, namely, rectangular, barbell, and flanged. This database 
was expanded to 434 walls. Of the 434 walls in the database, 150 have a rectangular cross 
section and 284 have boundary elements [barbells (191), flanges (93)]. The assembled data can 
be used to assess the performance of existing models that are used to predict squat wall response 
and to develop new models. Detailed information for each wall in the database is tabulated in 
Appendix A. In this section, a brief summary of the assembled data is presented. The test 
specimens in the database are selected using the following criteria: 1) a minimum web thickness 
of 5 cm. (1.97 in.); 2) symmetric reinforcement layout; 3) no diagonal reinforcement or 
additional wall-to-foundation reinforcement to control sliding shear; and 4) aspect ratios ( / )w wh l  
less than or equal to 2.0. Walls that do not comply with these criteria are not included in the 434-
wall database and information on these walls is not presented. 

Figure 3-1 presents the variation of the experimentally measured peak shear strength ( peakV ) with 
moment-to-shear ratio1 ( / wM Vl ) for the walls in the database. In the figure, the experimental 

peak shear strength is normalized by the product of wA  and ′cf , where wA  is the web area 
calculated as the product of the wall length ( wl ) and the web thickness ( wt ), and ′cf  is the 
concrete compressive strength. The data presented in Figure 3-1 shows that the experimental 
peak shear strength for walls with boundary elements is generally much higher than those of the 
walls with rectangular cross-sections. Figure 3-1 indicates that the ranges of measured peak shear 
strengths for barbell and flanged walls are comparable. The normalized peak shear strengths for 
rectangular walls are generally smaller than 10 cf ′  whereas the majority of the normalized peak 

shear strengths for walls with boundary elements exceed 10 cf ′ , which is the upper limit on the 
peak shear strength equation of Section 21.9 of ACI 318-08. As shown in Sections 1 and 2, the 
peak shear strength calculation procedures for reinforced concrete walls generally do not 
recognize the effects of boundary elements. For two walls, one with a rectangular cross-section 
and the other with boundary elements, the current procedures predict identical peak shear 
strengths provided that the walls have the same web area, reinforcement ratio, aspect ratio, axial 
force and ′cf . Neither wall-cross section type nor boundary element reinforcement are 
considered as variables for calculating peak shear strength. These issues are addressed in the 
following sections. 

Sections 3.2, 3.3 and 3.4 present summary information on rectangular, barbell and flanged walls 
in the database, respectively. In these sections, monotonic loading refers to incrementally 
increasing the load in one direction until failure; repeated loading refers to loading in one 
direction, unloading to the origin, and reloading to a similar or larger displacement in the same 
direction; cyclic loading refers to application of lateral force alternatively in both horizontal 

                                                 
1 Moment-to-shear ratio is normalized by the wall length in this study. 
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Figure 3-1 Variation of shear stress [normalized by the product of web area ( wA ) and ′cf ] 
obtained using experimentally determined peak shear strength ( peakV ) with moment-to-

shear ratio ( / wM Vl ) 

directions with incremented force or displacement following a conventional quasi-static cyclic 
testing protocol; dynamic loading refers to the use of earthquake simulators; and blast loading 
refers to application of large amplitude dynamic pulses. 

3.2 Walls with Rectangular Cross-Section 

The rectangular-wall database included experiments of 150 specimens at various scales. The data 
for the 150 rectangular wall tests were obtained from Alexander et al. (1973), Hirosawa (1975), 
Cardenas et al. (1980), Synge (1980), Maier and Thürlimann (1985), Wiradinata (1985), Pilette 
(1987), Huang and Sheu (1988, 1994), Lefas and Kotsovos (1990), Lefas et al. (1990), 
Pilakoutas (1991), Rothe (1992), Cheng (1992), Cheng et al. (1994), Mohammadi-Doostdar 
(1994), Cheng and Yang (1996), Hidalgo et al. (1998), Salonikios et al. (1999), Xie and Xiao 
(2000), Greifenhagen et al. (2005), Massone (2006), Sheu (2007), and Kuang and Ho (2008). 
Figure 3-2 presents summary information on the 150 rectangular walls included in this database. 
Wall aspect ratios (wall height divided by wall length) ranged between 0.25 and 2.0; moment-to-
shear ratios ranged between 0.33 and 2.13; web thickness ranged from 2.36 to 6.30 in. (60 to 160 
mm); wall length varied between 23.6 and 118.1 in. (600 and 3000 mm); wall height varied 
between 19.7 and 78.7 in. (500 and 2000 mm); 45 walls were tested with coexisting axial load2  

                                                 
2 Self-weight of the walls are not included in the axial load calculations presented in this chapter. 
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Figure 3-2 Histograms of geometric, material, and loading properties of the 150 squat 

rectangular walls 
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Figure 3-2 Histograms of geometric, material, and loading properties of the 150 squat 

rectangular walls (cont’d) 

that ranged between 0.022 ′w cA f  and 0.182 ′w cA f ; reported concrete compressive strength3 varied 
between 1991 and 7395 psi (13.7 and 51 MPa); horizontal web reinforcement ratios ranged 
between 0.00 and 0.0161; and vertical web reinforcement ratios ranged between 0.00 and 0.0287. 
Boundary element reinforcement with ratios up to 0.128 was used in 110 of the 150 walls in 
addition to the uniformly distributed vertical web reinforcement. Fifteen of the 150 walls in the 
dataset did not have horizontal web reinforcement; 12 did not have vertical web reinforcement; 7 
had neither horizontal nor vertical web reinforcement and included only boundary element 
reinforcement at wall ends. The reported yield stress of the wall vertical web reinforcement 
ranged between 43.5 and 88.5 ksi (300 and 610 MPa), and that of the horizontal web 
reinforcement ranged between 47.3 and 108.1 ksi (326 and 745 MPa). The reported yield stress 
for the boundary element reinforcement ranged between 43.5 and 84.8 ksi (300 and 585 MPa). 

                                                 
3 Some authors used cube strength rather than cylinder strength to report the compressive strength of concrete; cube 
strengths were converted to cylinder strengths per Mindess et al. (2003). 
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Vertical web reinforcement was provided in a single layer for 71 of the 150 walls, in two layers 
for 65 walls and in three layers for 2 walls. Horizontal web reinforcement was provided in a 
single layer for 71 of the 150 walls, in two layers for 62 walls and in three layers for 2 walls. The 
maximum spacing for horizontal and vertical web reinforcement was 13.5 in. Note that Section 
21.9 of ACI 318-08 [ACI (2008)] requires that web reinforcement in special structural walls be 
provided in two layers and with a spacing of less than 18 in. 

The selected walls were tested using one of four types of loading: monotonic (quasi-static), 
repeated (quasi-static), cyclic (quasi-static), and dynamic. Thirty of the 150 walls were tested 
using monotonic loading, 2 walls were tested using repeated loading, 110 walls were tested using 
cyclic loading, and 3 walls were tested using dynamic loading. 

3.3 Walls with Barbells 

The data for the 191 squat barbell walls were obtained from (in chronological order), Benjamin 
and Williams (1953, 1954, 1956), Antebi et al. (1960), Shiga et al. (1973, 1975), Hirosawa 
(1975), Ogata and Kabeyasawa (1984), Kabeyasawa and Somaki (1985), AIJ (1985a, b, 1986a, 
b, c), Rothe (1992), XiangDong (1999), Bouchon et al. (2004), and Sheu (2007). Figure 3-3 
presents summary information associated with other experimental parameters, in the form of 
histograms, on the 191 squat barbell walls included in the database. Wall aspect ratios (wall 
height divided by wall length) ranged between 0.28 and 1.60 and moment-to-shear ratios ranged 
between 0.06 and 1.90. The web thicknesses of the walls ranged from 1.97 to 6.30 in. (50 to 160 
mm). The wall length varied between 20.0 and 155.9 in. (507 and 3960 mm) and the wall height 
varied between 19.7 and 70 in. (500 and 1778 mm). The ratios of the boundary element area 
(total barbell area, beA ) to the total area of the wall ( tA ) varied between 0.22 and 0.60. Seventy-
five walls were tested with coexisting axial load that ranged between 0.013 ′t cA f  and 0.321 ′t cA f ; 
the axial forces on the remaining walls were limited to the self-weight of the wall and upper 
loading beam (or slab). Reported concrete compressive strength varied from 1451 to 8463 psi 
(10 to 58.3 MPa); 59% of the walls had compressive strengths between 3000 and 5000 psi (20.7 
and 34.5 MPa). Both horizontal and vertical web reinforcements ranged between 0.00 and 0.028. 
Boundary element reinforcement (reinforcement restricted to the barbells) was provided in all 
191 walls; reinforcement ratios ranged between 0.71 and 8.27% of each boundary element area. 
Ten of the 191 walls in the dataset had neither horizontal nor vertical web reinforcement and 
included only boundary element reinforcement. The reported yield stress of the wall vertical and 
horizontal web reinforcement ranged between 39.3 and 90.5 ksi (271 and 624 MPa). The 
reported yield stress for the boundary element reinforcement ranged between 37.8 and 81.9 ksi 
(261 and 565 MPa). 

The selected walls were tested using one of five types of loading: monotonic (quasi-static), 
repeated (quasi-static), cyclic (quasi-static), blast, and dynamic. Fifty-seven of the 191 walls 
were tested using monotonic loading, 8 walls were tested using repeated loading, 94 walls were 
tested using cyclic loading, 2 walls were tested using dynamic loading and 30 walls were tested 
using blast loading. 
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Figure 3-3 Histograms of geometric, material, and loading properties of the 191 squat 

barbell walls 
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Figure 3-3 Histograms of geometric, material, and loading properties of the 191 squat 

barbell walls (cont’d) 

3.4 Walls with Flanges 

The data for the 93 squat flanged walls in the database were obtained from Barda (1972), Synge 
(1980), Maier and Thürlimann (1985), Saito et al. (1989), Sato et al. (1989), Seki et al. (1995), 
Mo and Chan (1996), Kitada et al. (1997), Naze and Sidaner (2001), Palermo and Vecchio 
(2002a), Farvashany et al. (2008). Figure 3-4 presents summary information associated with 
other experimental parameters, in the form of histograms, on these 93 squat flanged walls. For 
these walls, aspect ratios (wall height divided by wall length) ranged between 0.21 and 1.25 and 
moment-to-shear ratios ranged between 0.20 and 1.36. The web thickness of the walls ranged 
from 2.76 to 7.87 in. (70 to 200 mm). The wall length varied between 33.9 and 122 in. (860 and 
3100 mm) and the wall height varied between 15.8 and 103.1 in. (400 and 2620 mm). The ratios 
of the boundary element area (total barbell area, beA ) to the total area of the wall ( tA ) varied 
between 0.26 and 0.74. Fifty-six walls were tested with coexisting axial load that ranged between 
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0.015 ′t cA f  and 0.273 ′t cA f ; the axial forces on the remaining walls were limited to the self-
weight of the wall and upper loading beam (or slab). Reported concrete compressive strength 
varied from 2170 to 15084 psi (16.3 to 104 MPa); 69% of the walls had compressive strengths 
between 4000 and 6000 psi (27.6 and 41.4 MPa). Horizontal web reinforcement ratios ranged 
between 0.0 and 1.69, and vertical web reinforcement ratios ranged between 0.0 and 2.54. 
Boundary element reinforcement (reinforcement restricted to the flanges) was provided in all 93 
walls; reinforcement ratios ranged between 0.35 and 6.39% of each boundary element area. One 
wall was tested without horizontal web reinforcement and one wall tested without vertical web 
reinforcement. The reported yield stress of the vertical and horizontal web, and vertical boundary 
element reinforcement ranged between 42.9 and 87.7 ksi (296 and 605 MPa). 

The selected walls were tested using one of three types of loading: monotonic (quasi-static), 
cyclic (quasi-static), and dynamic. Thirteen of the 93 walls were tested using monotonic loading, 
78 walls were tested using cyclic loading, and 2 walls were tested using dynamic loading. 
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Figure 3-4 Histograms of geometric, material, and loading properties of the 93 squat 

flanged walls 
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Figure 3-4 Histograms of geometric, material, and loading properties of the 93 squat 

flanged walls (cont’d) 
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4 EVALUATION OF PREDICTIVE EQUATIONS 
FOR PEAK SHEAR STRENGTH 

4.1 Introduction 

Peak shear strength is the key variable for force-based design and performance assessment of 
reinforced concrete squat walls. Accurate evaluation of the peak shear strength of squat walls is 
important because conventional buildings are likely to experience multiple deformation cycles 
well beyond yield in maximum earthquake shaking, and nuclear safety-related structures are 
likely to be subject to multiple cycles of loading to peak strength in safe shutdown earthquake 
shaking. Building codes, manuals of practice, guidelines and the literature provide a number of 
equations for the peak shear strength of reinforced concrete walls. However, these equations 
significantly vary in structure [Orbovic et al. (2007)] and there is substantial scatter in the peak 
shear strength predicted by these equations as indicated by prior studies [Wood (1990), Gulec 
(2005)]. The following sections aim to assess the performances of widely used peak shear 
strength equations using the 434-specimen squat wall database presented in Section 3. The 
experimentally measured peak shear strengths of the walls are compared with nominal shear 
strengths predicted by five equations: 1) Section 21.9 of ACI 318-08; 2) Section 11.9 of ACI 
318-08; 3) Barda et al. (1977); 4) ASCE 43-05 [ASCE (2005)]; and 5) Wood (1990). The 
selected equations are those widely used in the U.S. for design and structural performance 
evaluation of squat walls in building and nuclear safety-related structures. Nominal rather than 
design strengths are used for the comparison because the strength reduction factor is not intended 
to account for bias in the strength equation. Reported material strengths and member dimensions 
are used to predict nominal strengths. The mean, median and dispersion in the ratios of the 
predicted to measured peak shear strengths provide insight into the utility of each strength 
equation and the simplified models upon which the equations are based. A preliminary 
investigation showed that the experimental peak shear strengths of squat walls with rectangular 
cross-sections and boundary elements differed significantly. Accordingly, an evaluation is 
performed for each wall type to judge the impact of boundary elements on the utility of each 
peak shear strength equation. 

Section 4.2 presents the selected equations used for predicting peak shear strength of squat 
reinforced concrete walls. Sections 4.3 and 4.4 evaluate the performances of the selected 
equations for squat rectangular walls and squat walls with boundary elements, respectively. 

4.2 Selected Peak Shear Strength Equations 

Five sets of predictive equations, based on the procedures provided in Section 11.9 of ACI 318-
08, Section 21.9 of ACI 318-08, Barda et al. (1977), ASCE 43-05 and Wood (1990), are used to 
evaluate the peak shear strength of the 434 squat walls in the database of Section 3. A unified 
notation is used for common variables in the predictive equations and the notation used herein 
may differ from that used in the referenced documents. Some equations from previous sections 
are repeated in this section to simplify the presentation. 

ACI 318-08 provides two semi-empirical equations, both based on the modified truss analogy 
approach, to predict the peak shear strength of reinforced concrete walls. The modified truss 
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analogy approach assumes that wall peak shear strength can be approximated as the summation 
of shear force resisted by concrete and transverse (horizontal) web reinforcement. One equation 
is provided in ACI 318-08 Section 21.9 (Special structural walls and coupling beams) for seismic 
design. The equation in Section 11.9 (Provisions for walls) is used for general (non-seismic) 
design. Equation Set I (Equation 4-1 below) is from Section 21.9 of ACI 318-08. Note that the 
peak shear calculation procedures of ACI 318-08 are essentially the same for reinforced concrete 
beams and walls. 

 ( )1 10′ ′= + ≤n c c h yh w c wV f f A f Aα ρ  (4-1) 

where 1nV  (lb) is the nominal shear strength per Section 21.9 of ACI 318-08, cα  is a function of 
aspect ratio, which per ACI 318-08, equal to 3.0 for / 1.5≤w wh l , 2.0 for / 2≥w wh l  and varies 
linearly for 1.5 / 2≤ ≤w wh l ; ′cf  (psi) is the compressive strength of concrete; hρ  is the 
horizontal web reinforcement ratio; yhf  (psi) is the yield stress of the horizontal web 
reinforcement; wA  (in2) is the area of the wall bounded by web thickness ( wt ) and wall length 
( wl ); and wh  (in) is the height of the wall. 

Section 21.9 of ACI 318-08 imposes an upper limit of 10 ′cf  on peak shear stress; this limit is 
intended to prevent diagonal compression failure. A lower limit of 0.25% is imposed on the 
horizontal and vertical web reinforcement ratios. Section 21.9 of ACI 318-08 does not account 
explicitly for the effect of vertical web reinforcement ratio on peak shear strength but requires 
the vertical web reinforcement ratio be no less than the horizontal web reinforcement ratio that 
for walls with aspect ratios less than or equal to 2. 

The procedure to predict the peak shear strength in Section 11.9 of ACI 318-08, Equation Set II, 
is given by the following four equations. 

 2 110 ′= + ≤n c s c wV V V f t d  (4-2) 
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where 2nV  (lb) is the nominal shear strength per Section 11.9 of ACI 318-08; cV  (lb) is the 
nominal shear strength provided by the concrete; sV  (lb) is the nominal shear strength provided 
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by horizontal reinforcement; 1d  (in) is the distance from extreme compression fiber to the 
location of the resultant of forces in vertical reinforcement in tension and assumed equal to 0.8 wl  
unless a larger value is determined by a strain compatibility analysis; uN  (lb) is the factored 
axial load that is negative in tension; uM  (lb-in) is the factored moment at the section; uV  (lb) is 
the factored shear force at the section; and vA  (in2) is the area of horizontal reinforcement within 
a distance s  (in). 

Per Section 11.9.6 of ACI 318-08, the shear strength provided by concrete is taken as the smaller 
of the values provided by Equations 4-3 and 4-4. Equation 4-4 does not apply if 

/ / 2 0− ≤u u wM V l . The peak shear stress is limited to 10 ′cf . The minimum horizontal web 
reinforcement ratio is 0.25%. The minimum vertical web reinforcement ratio ( vρ ) is given by 

 ( )0.0025 0.5 2.5 0.0025
⎛ ⎞

= + − −⎜ ⎟
⎝ ⎠

w
v h

w

h
l

ρ ρ  (4-6) 

Section 11.9 and 21.9 of ACI 318-08 use a different effective area to calculate shear strength. 
The procedures of Chapter 11 and Chapter 21 of ACI 318-08 to predict the peak shear strength 
of squat walls are adopted in ACI 349-06 [ACI (2006)], Code Requirements for Nuclear Safety-
Related Concrete Structures, without revision despite the significantly different performance 
expectations for building and nuclear structures. 

Equation Set III was proposed by Barda et al. (1977) to predict the peak shear strength of walls 
in low-rise buildings: 

 3 28 2.5
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w w w

h PV f f f t d
l l t

⎛ ⎞
′ ′= − + +⎜ ⎟

⎝ ⎠
ρ  (4-7) 

where 3nV  (lb) is the nominal shear strength per Barda, vρ  is the vertical web reinforcement 
ratio, yvf  (psi) is the yield stress of the vertical web reinforcement, 2d  (in) is the distance from 
extreme compression fiber to area centroid of the wall vertical reinforcement in tension, P  is the 
axial force, and all other variables have been defined previously. 

Barda (1972) concluded that horizontal web reinforcement did not influence peak shear strength 
and Equation 4-7 does not consider horizontal web reinforcement ratio as a variable. 

Equation Set IV is that of Equations 4.2-3 and 4.2-4 of ASCE 43-05 (Equations 4-8, 4-9 and 4-
10 below) to predict the peak shear strength of squat walls with barbells or flanges. This equation 
is applicable for walls with aspect ratios / ≤w wh l 2.0 and vertical and horizontal web 
reinforcement ratios less than or equal to 1%. If the reinforcement ratios exceed 1%, the 
combined reinforcement ratio seρ  (calculated using Equation 4-10) is limited to 1%. ASCE 43-

05 imposes an upper limit of 20 ′cf  on the peak shear stress in the web of the wall. 

 4 3=n n wV v d t  (4-8) 
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where 4nV  (lb) is the nominal shear strength per ASCE 43-05; nν  (psi) is the nominal peak shear 
stress per ASCE 43-05; 3d  (in) is the distance from the extreme compression fiber to the location 
of the resultant of forces in vertical reinforcement in tension, which may be determined from a 
strain compatibility analysis and is assumed equal to 0.6 wl  if no analysis is performed; seρ  is the 
combined reinforcement ratio; 1yf  (psi) is the reinforcement yield stress used with seρ ; A and B 
are defined in Table 1-3 as a function of aspect ratio, and all other terms have been defined 
previously. 

Equation Set V (Equation 4-11) was proposed by Wood (1990) to calculate the peak shear 
strength of squat walls using data from tests of 143 squat walls. Wood’s database included both 
rectangular walls and walls with boundary elements. 

 2
56 10

4
′ ′≤ = ≤vf y

c w n c w

A f
f A V f A  (4-11) 

where 5nV  (lb) is the nominal shear strength per Wood, vfA  (in2) is the area of total 
reinforcement (sum of areas of the vertical web and boundary element reinforcement) crossing 
the shear plane, and 2yf  (psi) is the reinforcement yield stress for a combination of vertical web 
and boundary element reinforcement used for Equation Set V. 

4.3 Rectangular Walls 

The accuracy of the five predictive equations presented in Section 4.2 is evaluated using the 
experimental peak shear strengths ( peakV ) of the 150 squat rectangular walls presented in Section 
3. For the cyclically loaded walls, the peak shear strength was taken as the average of the peak 
shear strengths obtained in the two (opposite) loading directions. The 150 squat rectangular walls 
were parsed into three groups: Group 1—all 150 squat walls, Group 2—shear-critical squat 
walls, and Group 3—ACI 318-compliant, shear-critical squat walls. Group 1 includes all 150 
rectangular walls in the database. Group 2 is formed to reduce the bias, if any, introduced into 
the predictions by the walls in the database whose response was governed by flexure or mixed 
failure modes. Group 2 is formed by excluding those walls of Group 1 for which the 
experimental peak shear strength was greater than the shearing force associated with flexural 
failure (shear-flexural strength, flexV ). Group 3 is limited to walls of Group 2 that comply with the 
minimum web reinforcement requirements of ACI 318-08 (0.25 %). A second criterion to form 
this group was the requirement of ACI 318-08 that the vertical web reinforcement ratio be no 
less than the horizontal web reinforcement ratio for walls with aspect ratios less than 2.0. 
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For each wall in the database, the area centroid of the wall vertical reinforcement in tension (to 
calculate 1d  in Equations 4-2 through 4-5), the location of the resultant tensile force in the 
vertical reinforcement (to calculate 2d  in Equation 4-7 and 3d  in Equation 4-8) and the ultimate 
moment capacity (to identify flexure-critical walls in Groups 2 and 3) were computed using a 
commercially available cross-section analysis program [Imbsen and Associates, Inc. (2007)]. 
The concrete was assumed to be unconfined and a standard nonlinear stress-strain relationship 
with strain hardening was used to model reinforcement. The reported values of geometric (wall 
cross-sectional layout, reinforcement size and layout), material ( ′cf , yield and fracture stresses 
for reinforcement) and loading properties (axial force) were used for the cross-section analysis. 
The concrete tensile strength was set equal to zero, the compressive failure strain was assumed to 
be 0.003 and the modulus of elasticity was taken as 57000 ′cf  (psi) per ACI 318-08. For 
reinforcement, the strains at the onset of hardening and the fracture strain were taken as 0.01 and 
0.1, respectively. 

4.3.1 Group 1: All 150 Rectangular Walls 

A statistical summary of the ratios of the predicted to measured peak shear strength for the 150 
walls in Group 1 is presented in Table 4-1 for each of the five equation sets. The ratios of 
predicted to measured strength tagged with an asterisk (e.g., 1*nV ) present statistics for the 
equation set without the corresponding upper shear stress limits. Values in columns 2 (arithmetic 
mean) or 3 (median or 50th percentile) in Table 4-1 greater than 1.0 indicate that the predictive 
equation is unconservative in a mean or median sense, respectively, namely, the equation 
overestimates the measured peak shear strength. The last column in the table reports the 
percentage of unconservative predictions for the 150 specimens in the group. The standard 
deviation (column 4) and coefficient of variation (column 5 – COV) are also reported to provide 
supplemental information on the dispersion in the ratios. 

Figure 4-1 presents the distributions of the ratios of the predicted peak strength to measured peak 
strength for the five procedures using box and whisker plots, which present the lower quartile 
( 1Q ), median ( 2Q ), upper quartile ( 3Q ), and extreme values. The maximum length of a whisker 
was limited to 1.5 times the interquartile range ( IQR ) unless its length was governed by 
minimum or maximum data points. The data points larger than 3 1.5+ ×Q IQR  or smaller than 

1 1.5− ×Q IQR  are identified by “+” in the figure. 

The mean and median values of the shear strength ratios presented in Table 4-1 and Figure 4-1 
for Equation Sets I ( 1nV ) and II ( 2nV ) indicate that Set II (Section 11.9 of ACI 318-08) is the 
more accurate of the two because the mean and median ratios for Equation Set II are closer to 
1.0. The assumption about the effective shear area of the wall is the principal reason why 
Equation Set II is more conservative than Equation Set I. In Equation Set I, the effective shear 
area is equal to the gross area of the wall, w wl t ; in Equation Set II, the effective shear area of the 
wall is equal to 1 wd t  and smaller than that for Set I. Furthermore, the scatter, as measured by 
coefficient of variation, is smaller for Equation Set II. The Barda and ASCE 43-05 equations, 

3nV  and 4nV , respectively, overpredict the measured peak strength of 85% and 86% of the 150 
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Table 4-1 Statistics of the ratio of the shear strength predicted using Equation Sets 1 
through 5 to measured peak shear strength of all walls (Group 1) 

 Mean Median St. Dev. COV Min Max % Over- 
Predictions 

1 /n peakV V  1.28 1.17 0.54 0.42 0.36 3.52 67 

1* /n peakV V  1.44 1.32 0.66 0.46 0.36 3.52 69 

2 /n peakV V  1.06 0.97 0.41 0.39 0.37 2.74 49 

2* /n peakV V  1.22 1.17 0.52 0.43 0.37 2.74 59 

3 /n peakV V  1.46 1.38 0.47 0.32 0.56 2.83 85 

4 /n peakV V  1.52 1.46 0.48 0.31 0.75 3.09 87 

4* /n peakV V  1.52 1.46 0.48 0.31 0.75 3.09 87 

5 /n peakV V  1.05 0.97 0.33 0.32 0.48 2.23 46 
 

 

 
Figure 4-1 Distribution of the ratio of the predicted shear strengths to measured peak shear 

strengths for all walls 
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walls, respectively. Equation Set V ( 5nV ), developed by Wood, is accurate and reliable because 
the mean and median values are close to 1.0 and the standard deviation and coefficient of 
variation are both relatively small. 

It should be noted that both ACI 318-08 equations yield more unconservative estimations (i.e., 
overpredict) of the peak shear strength when the upper shear stress limit on the equations sets is 
removed. Conversely, the upper shear stress limit on the ASCE 43-05 equation does not govern 
the peak shear strength of any of the walls in the rectangular wall database. 

4.3.1.1 ACI 318-08 Chapter 21 Equation (Equation Set I) 

Equation Set I overpredicts the peak shear strength of 67% of the walls in the rectangular wall 
database with mean and median values of 1 /n peakV V  ( 1* /n peakV V ) of 1.28 (1.44) and 1.17 (1.32), 
respectively. The standard deviation and coefficient of variation associated with 1 /n peakV V  
( 1* /n peakV V ) are 0.54 (0.66) and 0.42 (0.46), respectively. The basic statistics associated with the 
predictions of Equation Set I reveal that the procedure is generally unconservative in predicting 
peak shear strength, and also that the predictions are highly scattered as implied by the high 
coefficient of variation value (0.42). The large coefficient of variation calls into question the 
utility of the equation. 

Figure 4-2 through Figure 4-4 present the variation of 1 /n peakV V  with the design variables used 
by Equation Set I, namely, horizontal reinforcement ratio, aspect ratio (represented using 
moment-to-shear ratio), and the concrete compressive strength, respectively. Values of 1 /n peakV V  
greater than 1.0 represent an overprediction (unconservative estimate) of the measured peak 
shear strength. Linear fits on the data are also included in all three figures. Figure 4-2 indicates 
that the equation set becomes more unconservative with increasing horizontal reinforcement 
ratio. However, for specimens with horizontal reinforcement ratios around or below the 
minimum limit specified by ACI 318-08 ( ≤h yhfρ  150 psi for yhf  = 60 ksi), the ratios of 1nV  to 

peakV  is less than 1.0 and thus conservative. Equation Set I consistently overestimates the peak 
shear strength of walls with h yhfρ  greater than 350 psi. Figure 4-3 shows that the procedure 
becomes more unconservative with increasing moment-to-shear ratio. As noted previously, the 
effect of moment-to-shear ratio (or aspect ratio) is addressed using cα , which increases the 
contribution of concrete to the overall shear strength with decreasing moment-to-shear ratio. The 
functional form of this coefficient is questionable, as 1 /n peakV V  tends to increase with increasing 
moment-to-shear ratio. Figure 4-4 indicates that 1 /n peakV V  increases with increasing concrete 
compressive strength, which shows that the form of the concrete contribution term for this 
equation is questionable. It should be noted that for a well-performing model, the residuals 
associated with the predictions of the model should be close to zero without exhibiting any 
trends and with small coefficient of variation. Similarly, the trend lines in Figure 4-2 through 
Figure 4-4 should be almost horizontal with a value equal to 1.0. The scatter as measured by the 
coefficient of variation should be low. Note that the substantial scatter observed in Figure 4-2 
through Figure 4-4 may also indicate that the predictive equation does not account for some 
variables that affect the peak shear strength. 
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Figure 4-2 Variation of 1 /n peakV V  with h yhfρ  

 
Figure 4-3 Variation of 1 /n peakV V  with 

moment-to-shear ratio 

 
Figure 4-4 Variation of 1 /n peakV V  with cf ′  

Figure 4-5 presents the variation of 1 /n peakV V  and 1* /n peakV V  with horizontal web reinforcement 
ratio (along with corresponding linear fits), where 1*nV  is the computation of Equation Set I 

without the upper stress limit of 10 ′cf  that is linked to the change of failure mode from 
diagonal tension to diagonal compression. The vertical dashed line in this figure (and in Figure 
4-6, Figure 4-11, and Figure 4-12) represents the limiting value of h yhfρ  in Section 21.9 of ACI 
318-08 for Grade 60 reinforcement. Figure 4-6 presents the variation of normalized shear stress 
[shear force divided by the product of web area ( wA ) and ′cf ] obtained using Equation Set I 
( 1nV ) and measured peak shear strength ( peakV ) with h yhfρ . Figure 4-5 and Figure 4-6 indicate 

that the upper shear stress limit of 10 ′cf  governs the peak shear strength of walls with h yhfρ  
larger than approximately 500 psi. As expected, the slope of the linear fit on 1* /n peakV V  of Figure 
4-5 is considerably steeper than the slope of the linear fit on 1 /n peakV V . 
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Figure 4-5 Variation of 1 /n peakV V  and 1* /n peakV V  with h yhfρ  

 
Figure 4-6 Variation of normalized shear stress obtained using Equation Set I ( 1nV ) and 

measured peak shear strength ( peakV ) with h yhfρ  
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The upper shear stress limit improves the overall performance of Equation Set I, especially by 
improving the accuracy of the predictions for more heavily reinforced walls. As seen in Figure 
4-6, 52 of the 150 predictions of Equation Set I were governed by the upper shear stress limit 
whereas only 4 walls, all of which had horizontal and vertical web reinforcement ratios higher 
than 1%, reached an experimental normalized shear stresses ( /peak wV A ) greater  than 10 ′cf . 

4.3.1.2 ACI 318-08 Chapter 11 Equations (Equation Set II) 

Equation Set II overpredicts the peak shear strength of 49% of the walls in the rectangular wall 
database giving mean and median values of 2 /n peakV V  ( 2* /n peakV V ) of 1.06 (1.22) and 0.97 (1.17). 
The corresponding standard deviation and coefficient of variation are 0.41 (0.52) and 0.39 (0.43). 
The scatter in the predictions of Equation Set II (COV=0.39) are slightly smaller than that in the 
predictions of Equation Set I (COV=0.42). However, the scatter is large for an accurate 
predictive model. 

Figure 4-7 through Figure 4-10 present the distribution of 2 /n peakV V  with the design variables 
used by Equation Set II, namely, horizontal reinforcement ratio, aspect ratio (represented using 
moment-to-shear ratio), concrete compressive strength, and normalized axial stress (axial force 
divided by the product of the wall area and concrete compressive strength), respectively. Figure 
4-7 shows that, similar to those of Equation Set I, the predictions of Equation Set II become 
more unconservative with increasing horizontal web reinforcement ratio. The majority of the 
predictions of Equation Set II for h yhfρ  less than 300 psi is conservative (less than) with respect 
to the measured peak shear strengths. Figure 4-8 through Figure 4-10 show that the variance 
associated with the predictions of Equation Set II is relatively constant over the ranges 
considered for aspect ratio, concrete compressive strength, and axial force (denoted in Figure 
4-10 and in following figures by P  to unify the presentation), as indicated by the near-horizontal 
lines of linear fit. However, significant scatter is evident in the peak shear-strength predictions.  

Figure 4-11 presents the variation of 1 /n peakV V  and 2 /n peakV V  with horizontal web reinforcement 
ratio together with the corresponding linear fits. As seen in Figure 4-11, the predictions of 
Equation Set I and II follow similar trends except that the latter is more conservative. This may 
be largely attributed to the effective shear area for Equation Set II ( 1 wd t ) being smaller than that 
of Equation Set I ( wA ). The average, minimum, maximum ratios of effective depth ( 1d ) to wall 
length ( wl ) are 0.82, 0.80 and 0.95, respectively. The corresponding standard deviation is 0.04. 
Note that Section 11.9 of ACI 318-08 limits the minimum effective depth to 0.8 wl , which 
governs 103 of the 150 effective depth calculations performed using strain compatibility 
analysis. 

Figure 4-12 presents the variation of normalized shear stress [shear force divided by the product 
of effective shear area ( 1 wd t ) and ′cf ] obtained using Equation Set II ( 2nV ) and measured peak 
shear strength ( peakV ) with h yhfρ . As presented in Figure 4-12, the upper stress limit of Equation 
Set II governs the calculated strengths of walls with h yhfρ  larger than 500 psi. Forty-nine of the 
150 predictions of Equation Set II are governed by the upper shear stress limit, which makes the  
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Figure 4-7 Variation of 2 /n peakV V  with h yhfρ  

 
Figure 4-8 Variation of 2 /n peakV V  with 

moment-to-shear ratio 

 
Figure 4-9 Variation of 2 /n peakV V  with cf ′  

 
Figure 4-10 Variation of 2 /n peakV V  with 

normalized axial stress 

predictions more conservative. The measured peak shear stress ( 1/peak wV d t ) of 23 of the 150 

specimens is higher than 10 ′cf . 

4.3.1.3 Barda et al. (1977) Equations (Equation Set III) 

This equation set was derived by Barda et al. (1977) using data from tests of 8 squat reinforced 
concrete walls with flanges. The equation considers concrete compressive strength, aspect ratio, 
vertical reinforcement ratio, and axial force in the calculation of the peak shear strength. 
Horizontal reinforcement ratio is not a variable in the Barda peak shear-strength equation. 

Equation Set III overpredicts the peak shear strength of 85% of the walls in the database with 
mean and median values of 3 /n peakV V  of 1.46 and 1.38, respectively. The corresponding standard 
deviation and coefficient of variation are 0.47 and 0.32. Note that Equation Set III uses an 
effective depth ( 2d ) to calculate the peak shear strength. For the rectangular walls considered 
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Figure 4-11 Variation of 1 /n peakV V  and 2 /n peakV V  with h yhfρ  

 
Figure 4-12 Variation of normalized shear stress obtained using Equation Set II ( 2nV ) and 

measured peak shear strength ( peakV ) with h yhfρ  
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here, the average, minimum, and maximum ratios of effective depth to wall length are 0.72, 0.54, 
and 0.95, respectively; the corresponding standard deviation is 0.11. 

Figure 4-13 presents the variation of 3 /n peakV V  with wall vertical web reinforcement ratio. As 
shown by the linear fit in the figure, the overestimation of peak shear strength with Barda 
equation is greater for walls with heavy vertical web reinforcement ratio. The under estimations 
of Equation Set III are for a small number of walls, most of which do not comply with the 
minimum vertical reinforcement requirements of ACI 318-08 ( ≤v yvfρ  150 psi for yvf  = 60 ksi). 
Similar trends are seen in Figure 4-14 and Figure 4-15, which present the variation of 3 /n peakV V  
with moment-to-shear ratio and concrete compressive strength, respectively. The Barda Equation 
becomes more unconservative for increasing values of both moment-to-shear ratio and concrete 
compressive strength. Equation Set III substantially overestimates the peak shear strength of 
rectangular walls with moment-to-shear ratios greater than 1.5 and v yvfρ  greater than 200 psi. 
The equation captures the influence of axial stress on peak shear strength reasonably well as 
indicated by the near-horizontal line of linear fit in Figure 4-16. 

Figure 4-17 presents the variation of normalized shear stress [shear force divided by the product 
of effective shear area ( 2 wd t ) and ′cf ] computed using Equation Set III ( 3nV ) and the measured 
peak shear strength ( peakV ), with v yvfρ . The shear strength predictions of Equation Set III are not 
subject to an upper bound unlike the other four procedures investigated herein. As seen in Figure 
4-17, the average shear stress calculated by Equation Set III (solid triangles) is higher than those 
computed using experimental data (solid circles). This observation is attributed to the type of 
specimens from which the Barda equation was derived, namely, walls with heavily reinforced 
flanges. Equation Set III should not be used for squat walls with rectangular cross-sections. An 
upper bound on the vertical web reinforcement ratio will improve the accuracy of the procedure 
by reducing the overestimation of peak shear strength for heavily reinforced walls. 

4.3.1.4 ASCE 43-05 Equations (Equation Set IV) 

Equation Set IV is a variant on the Barda equation (Equation Set III). The major difference 
between the Equation Set III and Equation Set IV is the calculation of the contribution of 
reinforcement to the peak shear strength. The Barda equation uses vertical web reinforcement 
only to calculate shear carried by reinforcement whereas the ASCE 43-05 equation (Equation Set 
IV) uses both the horizontal and vertical web reinforcement ratios and calculates a combined 
reinforcement ratio as a function of wall aspect ratio. Equation Set IV overpredicts the peak 
shear strength of 87% of the walls in the database with mean and median values of 4 /n peakV V  of 
1.52 and 1.46, respectively. The corresponding standard deviation and coefficient of variation are 
0.48 and 0.31. The dispersion in the ratio of predicted to experimentally measured peak shear 
strength obtained using Equation Set IV is smaller (COV=0.31) than that of Equation Set III 
(COV=0.32). 
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Figure 4-13 Variation of 3 /n peakV V  with v yvfρ

 
Figure 4-14 Variation of 3 /n peakV V  with 

moment-to-shear ratio 

 
Figure 4-15 Variation of 3 /n peakV V  with cf ′  

 
Figure 4-16 Variation of 3 /n peakV V  with 

normalized axial stress 

Figure 4-18 through Figure 4-22 present the variation of 4 /n peakV V  with horizontal web 
reinforcement ratio, vertical web reinforcement ratio, aspect ratio (represented using moment-to-
shear ratio), normalized axial stress (axial force divided by the product of wall area and ′cf ), and 
′cf , respectively. Of the five procedures considered, only the ASCE 43-05 procedure considers 

five design variables in calculation of peak shear strength. As indicated by the near-horizontal 
linear fit lines in Figure 4-18 through Figure 4-22, the variance associated with the predictions of 
Equation Set IV with respect to the considered variables is relatively constant except for 
horizontal web reinforcement ratio. The percentage overestimation of peak shear strength by 
Equation Set IV increases significantly with increasing horizontal reinforcement ratio. 
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Figure 4-17 Variation of normalized shear stress obtained using Equation Set III ( 3nV ) and 

measured peak shear strength ( peakV ) with v yvfρ  

Figure 4-23, which presents the variation of measured peak shear strength normalized by the 
product of ′cf  and ( 3 wd t ) with the combined reinforcement ratio ( 1se yfρ ), shows that the 

20 ′cf  upper bound on peak shear stress was not reached by any of the 150 walls in the 
database. The predictions of Equation Set IV are not governed by the upper stress limit and the 
utility of this upper stress limit is most questionable. As seen in Figure 4-23, Equation Set IV 
(solid triangles) is accurate for lightly reinforced walls only and is unconservative for higher 
combined reinforcement ratios. Equation Set IV should not be used to design rectangular walls. 

Equation Set IV uses an effective depth ( 3d ) to calculate the peak shear strength. For the 
rectangular walls considered here, the average, minimum, and maximum ratios of effective depth 
to wall length are 0.74, 0.56, and 0.95, respectively. The standard deviation is 0.10. 

4.3.1.5 Wood’s Equation 

Equation Set V is based in part on the shear friction analogy [e. g., Hofbeck et al. (1969)] and 
was developed by Wood (1990). Figure 4-24 and Figure 4-25 present the variation of 5 /n peakV V  
with the ratio of the total area of vertical reinforcement to the wall area ( vallρ ) and concrete 
compressive strength, which are the two parameters considered in the Wood procedure. Unlike 
the other procedures considered herein, Wood’s equation becomes more conservative as the 
reinforcement ratio increases, as seen in Figure 4-24. Of the five equation sets studied, Wood 



 60

 
Figure 4-18 Variation of 4 /n peakV V  with h yhfρ

 
Figure 4-19 Variation of 4 /n peakV V  with v yvfρ

 
Figure 4-20 Variation of 4 /n peakV V  with 

moment-to-shear ratio 

 
Figure 4-21 Variation of 4 /n peakV V  with 

normalized axial stress 

 
Figure 4-22 Variation of 4 /n peakV V  with concrete cf ′  
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Figure 4-23 Variation of normalized shear stress obtained using Equation Set IV ( 4nV ) and 

measured peak shear strength ( peakV ) with 1se yfρ  

equation yields the most conservative estimates of peak shear strength (54% are conservative). 
The mean and median value of 5 /n peakV V  are 1.05 and 0.97, respectively. The corresponding 
standard deviation and coefficient of variation are 0.33 and 0.32. Eighty-nine percent of the 
values of  5 /n peakV V  are between 0.50 and 1.50. 

Figure 4-26 presents the variation of normalized shear stress [shear force divided by the product 
of effective shear area ( wA ) and ′cf ] obtained using Equation Set V ( 5nV ) and measured peak 
shear strength ( peakV ) with the product of the reinforcement yield stress and the ratio of the total 
area of vertical wall reinforcement to the wall area. As indicated in Figure 4-26, only 10 of the 
150 peak shear strength predictions were governed by the part of Equation Set V associated with 
the vertical reinforcement area (solid triangles with an ordinate greater than 6) and the remaining 
140 predictions were associated with the lower bound limit on shear stress of 6 ′cf . None of the 
predictions was governed by the upper limit on shear stress. Of the five sets of predictive 
equations, Wood’s equation provides the best median estimate of peak shear strength (0.97) and 
the second smallest coefficient of variation (0.32). 
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Figure 4-24 Variation of 5 /n peakV V  with 

2vall yfρ  

 
Figure 4-25 Variation of 5 /n peakV V  with cf ′  

 

 
Figure 4-26 Variation of normalized shear stress obtained using Equation Set V ( 5nV ) and 

measured peak shear strength ( peakV ) with 2vall yfρ  
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4.3.2 Group 2: Shear-Critical Squat Rectangular Walls 

A shear-critical wall is defined as a wall with measured peak shear strength less than the shear 
force associated with the development of expected flexural strength (shear-flexural strength, 

flexV ) as determined using cross-section analysis. Ninety-one of the 150 squat walls were judged 
to be shear-critical. 

Figure 4-27 presents the variation of /peak flexV V  with moment-to-shear ratio. The data points in 
Figure 4-27 that are less than 1.0 correspond to the shear-critical walls in this group. Figure 4-27 
reveals, as expected, that walls with small moment-to-shear ratio are generally shear-critical and 
that walls with moment-to-shear ratios of 1.5 and greater are generally flexure-critical. However, 
some walls with lower aspect ratios developed their flexural strength. 

Table 4-2 summarizes results for the shear-critical walls. Figure 4-28 presents box-and-whisker 
plots, similar to Figure 4-1, for the shear-critical walls. A comparison of results presented in 
Table 4-2 and Table 4-1 shows a reduction in the percentage of unconservative predictions for 
Equation Sets I, II, III, and IV for the Group 2 walls. Wood’s equation ( 5nV ) best estimates the 
shear strength of shear-critical walls with a median value of 5 /n peakV V  equal to 0.99 and a 
relatively small coefficient of variation. The equations of Chapter 11 of ACI 318-08 provide the 
most conservative estimations as measured using median results. 

The procedures of Barda and ASCE 43 are substantially unconservative for shear-critical walls. 
Overall, the results obtained using the Group 1 and Group 2 walls differ only modestly. 

 
Figure 4-27 Variation of the ratio of measured peak shear strength to the shear-flexural 

strength with moment-to-shear-ratio 
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Table 4-2 Statistics of the ratio of the shear strength predicted using Equation Sets 1 
through 5 to measured peak shear strength of shear-critical walls (Group 2) 

 Mean Median St. Dev. COV Min Max % Over- 
Predictions 

1 /n peakV V  1.16 1.04 0.57 0.49 0.36 3.52 56 

1* /n peakV V  1.25 1.09 0.66 0.52 0.36 3.52 56 

2 /n peakV V  0.99 0.89 0.42 0.43 0.37 2.74 36 

2* /n peakV V  1.07 0.91 0.49 0.46 0.37 2.74 45 

3 /n peakV V  1.31 1.27 0.45 0.34 0.56 2.52 76 

4 /n peakV V  1.45 1.41 0.44 0.31 0.75 2.73 85 

5 /n peakV V  1.06 0.99 0.35 0.33 0.61 2.23 48 

 
Figure 4-28 Distribution of the ratio of the predicted shear strengths to measured peak 

shear strengths for shear-critical walls 

4.3.3 Group 3: ACI 318-Compliant, Shear-Critical Squat Rectangular Walls 

Group 3 eliminates the walls that do not comply with the requirements of Section 21.9 of ACI 
318-08, which limits the minimum horizontal and vertical web reinforcements to 0.0025 and 
requires that the vertical web reinforcement ratio be no less than the horizontal web 



 65

reinforcement ratio for walls with aspect ratios of less than 2.0, that spacing between the 
reinforcement in the wall web be no more than 18 in., and at least two curtains of web 
reinforcement be provided. As noted in Section 3, all walls in the rectangular wall database had a 
web reinforcement spacing less than 18 in. Figure 4-29 presents the variation of normalized 
measured peak shear strength with the moment-to-shear ratio as a function of the number of 
reinforcement curtains in the wall. As seen in the figure, the difference between the peak shear 
strengths measured for walls that include single or double reinforcement is modest. Therefore, 
the ACI 318 limit on the number of reinforcement curtains is not used to identify ACI 318-
compliant walls. As a result, all walls in Group 2 that comply with a) the minimum web 
reinforcement requirements (0.0025) of Chapter 21.7 of ACI 318 (0.0025), and b) the 
requirement that the vertical web reinforcement ratio be no less than horizontal web 
reinforcement ratio, are included in Group 3. 

 
Figure 4-29 Variation of normalized measured peak shear strength ( peakV ) with moment-to-

shear ratio as a function of the number of reinforcement curtains 

Forty-three of the 91 shear-critical walls in Group 2 are considered ACI 318-compliant. Table 
4-3 summarizes results for Group 3 walls. A comparison of the results presented in Table 4-3 
and Table 4-2 shows an improvement in the predictions of Equations Sets I, II, and III for the 
Group 3 walls in terms of coefficients of variation. Wood’s equation once again provides the best 
estimates of the peak shear strength of ACI 318-compliant, shear-critical walls with a mean 
value of 5 /n peakV V  of 1.06 and a relatively small coefficient of variation. The procedure of 
Chapter 11 of ACI 318-08 provides again the most conservative estimates of peak shear strength 
as measured by median results. 
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Table 4-3 Distribution of the ratio of the predicted shear strengths to measured peak shear 
strengths for ACI 318-compliant, shear-critical walls 

 Mean Median St. Dev. COV Min Max % Over- 
Predictions 

1 /n peakV V  1.23 1.09 0.54 0.44 0.65 2.87 62.8 

1* /n peakV V  1.30 1.10 0.57 0.44 0.65 3.00 62.8 

2 /n peakV V  1.02 0.89 0.39 0.38 0.52 2.12 39.5 

2* /n peakV V  1.08 0.97 0.40 0.37 0.52 2.12 48.8 

3 /n peakV V  1.43 1.32 0.46 0.32 0.81 2.52 83.7 

4 /n peakV V  1.49 1.37 0.48 0.32 0.75 2.73 86.0 

5 /n peakV V  1.06 0.94 0.36 0.34 0.61 2.06 48.8 

Although the accuracy of the equation sets differs slightly between Groups 1, 2 and 3, the trends 
are similar across groups. In all groups, the Barda and ASCE 43-05 equations yield substantially 
unconservative estimations (i.e., overpredict) of the peak shear strength. The equation in Chapter 
11 of ACI 318-08 and the Wood equation yield the most conservative estimates of peak shear 
strength. For all groups, the trends associated with the predictions of Chapter 21 and Chapter 11 
of ACI 318-08 are similar. The percentage of conservative predictions (i.e., underpredictions) of 
peak shear strength is consistently higher for the Chapter 11 equation, in the large part due to the 
smaller effective depth used by the Chapter 11 equation. 

4.4 Walls with Barbells and Flanges 

In this section, experimentally measured peak shear strengths of walls with boundary elements 
are compared with the predictions obtained using five equations identified in Section 4.2. Section 
3 presents detailed information on the database that included 284 walls with boundary elements 
(barbells or flanges). During the preliminary data investigation, it was observed that walls tested 
using dynamic pulses, to mimic blast loading, had approximately a 25% higher peak shear 
strength on average than identical walls tested under quasi-static monotonic loading [Antebi et 
al. (1960)]. This outcome is expected since the compressive and tensile strengths of concrete and 
steel increase substantially at high-strain rates. Given that the focus of the study is the seismic 
behavior of squat walls, for which the strain-rate effects are not significant, the data from the 
blast tests (30 of the 284 walls) are not included in analysis described below. The accuracy of the 
five predictive equations is therefore evaluated using the experimentally measured peak strengths 
of the 254 squat walls remaining in the database: 161 barbell and 93 flanged walls. For the 
cyclically loaded walls, the peak strength is taken as the average of the peak shear strengths 
recorded in the opposite directions. The 254 walls with boundary elements are parsed into three 
groups: Group 1—all 254 squat walls, Group 2—shear-critical squat walls, Group 3—ACI 318-
compliant, shear-critical squat walls. 
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Similar to evaluation of the rectangular walls, the area centroid of the wall vertical reinforcement 
in tension (and 2d  in Equation 4-7), the location of the resultant tensile force in the vertical 
reinforcement (to calculate 1d  in Equations 4-2, 4-3, 4-4 and 4-5, and 3d  in Equation 4-8) and 
the ultimate moment capacity (to identify shear-critical walls in Group 2) were computed using 
XTRACT [Imbsen and Associates, Inc. (2007)] for each wall in the database. The assumptions 
for modeling the concrete and reinforcement are those listed in Section 4.3. The reported values 
of geometry (wall cross-sectional layout, reinforcement size and layout), material ( ′cf , yield and 
fracture stresses for reinforcement) and loading properties (axial force) are used for the cross-
section analysis. 

4.4.1 Group 1: All 254 Walls with Boundary Elements 

A statistical presentation of the ratio of the predicted to measured peak shear strength is 
presented in Table 4-4 for each of the five equation sets. The ratios of predicted to measured 
peak strength tagged with an asterisk (e.g., 1*nV ) present statistics for the equation sets without 
the corresponding upper shear stress limits. Values in columns 2 (arithmetic mean) or 3 (median 
or 50th percentile) in Table 4-4 greater than 1.0 indicate that the corresponding strength equation 
is unconservative in a mean or median sense, respectively. Figure 4-30 presents the distributions 
of the ratios of the predicted peak strength to measured peak strength for the five procedures 
using box and whisker plots, which present the lower quartile ( 1Q ), median ( 2Q ), upper quartile 
( 3Q ), and extreme values.  

Table 4-4 Statistics of the ratio of the shear strength predicted using Equation Sets 1 
through 5 to measured peak shear strength of all 254 walls (Group 1) 

 Mean Median St. Dev. COV Min Max % Over- 
Predictions 

1 /n peakV V  0.75 0.69 0.30 0.40 0.18 2.19 17 

1* /n peakV V  0.87 0.81 0.42 0.48 0.18 2.98 27 

2 /n peakV V  0.64 0.59 0.23 0.36 0.21 1.75 7 

2* /n peakV V  0.78 0.75 0.31 0.40 0.21 2.43 19 

3 /n peakV V  0.83 0.81 0.23 0.28 0.39 1.73 20 

4 /n peakV V  0.94 0.91 0.26 0.28 0.47 2.16 39 

4* /n peakV V  0.94 0.91 0.26 0.28 0.47 2.16 40 

5 /n peakV V  0.60 0.56 0.21 0.35 0.27 1.31 5 

The mean and median values of the shear strength ratios presented in Table 4-4 and Figure 4-30 
for Equation Sets I ( 1nV ) and II ( 2nV ) indicate that both equation sets are conservative for walls 
with boundary elements. As noted previously for rectangular walls, the assumption for the 
effective shear area of the wall is the principal reason why Equation Set II is more conservative  
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Figure 4-30 Distribution of the ratio of the predicted shear strengths to measured peak 

shear strengths for all 254 walls (Group 1) 

than Equation Set I. The scatter, as measured by coefficient of variation, is smaller for Equation 
Set II. The Barda and ASCE 43-05 predictive equations, 3nV  and 4nV , respectively, yield the best 
predictions of peak strength in median sense and the smallest coefficients of variation. The 
ASCE 43-05 equation overestimates the peak shear strength of 39% of the walls the in the 
database: the highest percentage of the five procedures. Equation Set V ( 5nV ) is the most 
conservative of the five procedures. 

4.4.1.1 ACI 318-08 Chapter 21 Equation 

Equation Set I overpredicts the peak shear strength of 17% of the walls in the database with 
mean and median values of 1 /n peakV V  of 0.75 and 0.69, respectively. The corresponding standard 
deviation and coefficient of variation are 0.30 and 0.40, respectively. The coefficient of variation 
associated with the predictions of Equation Set I is the greatest of the five procedures 
investigated. 

Figure 4-31 through Figure 4-33 present the variation of 1 /n peakV V  with horizontal reinforcement 
ratio, moment-to-shear ratio, and ′cf , respectively. Figure 4-31 through Figure 4-33 indicate that 
the Chapter 21 procedure becomes less conservative with increasing horizontal reinforcement 
ratio and moment-to-shear ratio and becomes more conservative with increasing ′cf . The 
significant scatter observed in Figure 4-31 through Figure 4-33 indicates model deficiency. Note 
that the dominant failure mode was diagonal compression for walls in the barbell and flanged  
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Figure 4-31 Variation of 1 /n peakV V  with h yhfρ

 
Figure 4-32 Variation of 1 /n peakV V  with 

moment-to-shear ratio 

 
Figure 4-33 Variation of 1 /n peakV V  with ′cf  

wall database. The confinement effect of the boundary elements on wall web may delay diagonal 
tension failure and limit the opening of cracks. 

Figure 4-34 presents the variation of the 1 /n peakV V  and 1* /n peakV V  with horizontal web 
reinforcement ratio along with the corresponding linear fits. Figure 4-35 presents the variation of 
normalized shear stress [shear force divided by the product of web area ( wA ) and ′cf ] obtained 
using Equation Set I ( 1nV ) and measured peak shear strength ( peakV ) with h yhfρ . Figure 4-34 and 
Figure 4-35 indicate that the upper stress limit governs the peak shear strength predictions of 
Equation Set I with h yhfρ  larger than approximately 400 psi. The upper shear stress limit 
increases the conservatism of Equation Set I but its utility is somewhat questionable since 165 of 
the 254 walls in the dataset had normalized measured shear stresses of greater than 10 ′cf  psi.  

As seen in Figure 4-35, Equation Set I underpredicts the measured peak shear strength ( peakV ) for 
most values of h yhfρ . 
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Figure 4-34 Variation of 1 /n peakV V  and 1* /n peakV V  ratios with h yhfρ  

 
Figure 4-35 Variation of normalized shear stress obtained using Equation Set I ( 1nV ) and 

measured peak shear strength ( peakV ) with h yhfρ  
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4.4.1.2 ACI 318-08 Chapter 11 Equation 

Equation Set II overpredicts the peak shear strength of 7% of the walls in the database. Equation 
Set II yields more conservative predictions of peak shear strength than Equation Set I mainly as a 
result of the use of a smaller effective web area. The mean and median values of 2 /n peakV V  are 
0.64 and 0.59, respectively. The corresponding standard deviation and coefficient of variation are 
0.23 and 0.36. The scatter in the predictions of Equation Set II (COV=0.36) are smaller than 
those of Equation Set I (COV=0.40). 

Figure 4-36 through Figure 4-39 present the variation of 2 /n peakV V  with the design variables used 
by Equation Set II, namely, horizontal web reinforcement ratio, moment-to-shear ratio, ′cf , and 
axial stress, respectively. The lines of best fit are shown in the figures. Most of the predictions of 
the equation set corresponding to values of h yhfρ  less than 200 psi are smaller than the 
corresponding measured peak shear strengths. As seen in Figure 4-37, the ratio of predicted to 
measured peak shear strength increases significantly with increasing moment-to-shear ratio, 
which indicates that the procedure cannot capture the influence of moment-to-shear ratio on peak 
shear strength. The predictions of the procedure with respect to horizontal web reinforcement 
ratio, ′cf  and axial force are somewhat better as indicated by the near zero-slope lines of linear 
fit. The scatter in the predictions of Equation Set II is significant although it is slightly smaller 
than that of Equation Set I. 

Figure 4-40 presents the variation of normalized shear stress [shear force divided by the product 
of effective shear area ( 1 wd t ) and ′cf ] obtained using Equation Set II ( 2nV ) and measured peak 
shear strength ( peakV ) with h yhfρ . Similar to Equation Set I, the upper stress limit governs the 
peak shear strength predictions of Equation Set II for h yhfρ  larger than approximately 400 psi. 
The predictions of Equation Set II produce a lower bound estimate for the measured peak shear 
strength ( peakV ) for a wide range of h yhfρ . 

4.4.1.3 Barda et al. (1977) Equation 

Equation Set III overpredicts the peak shear strength of 20% of the walls in the dataset with 
mean and median values of 3 /n peakV V  of 0.83 (0.83 for flanged walls, 0.83 for barbell walls) and 
0.81, respectively. The standard deviation and coefficient of variation are 0.24 (0.20 for flanged 
walls, 0.25 for barbell walls) and 0.28, respectively. 

Figure 4-41 through Figure 4-44 present the variation of 3 /n peakV V  with the design variables used 
by Equation Set III, namely, vertical web reinforcement ratio, moment-to-shear ratio, ′cf , and 
axial force, respectively. As indicated by Figure 4-41 and Figure 4-42, the accuracy of Equation 
Set III varies significantly with respect to vertical web reinforcement ratio and moment-to-shear 
ratio. The predictions are generally unconservative for walls with aspect ratios of 1.5 and higher, 
and conservative for walls with v yvfρ  of less than 200 psi. The predictions become more 
conservative with increasing ′cf  as seen in Figure 4-43. Equation Set III is conservative for all 
walls with ′cf  > 6000 psi. The Barda equation is generally unconservative (i.e., overpredicts  
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Figure 4-36 Variation of 2 /n peakV V  with h yhfρ

 
Figure 4-37 Variation of 2 /n peakV V  with 

moment-to-shear ratio 

 
Figure 4-38 Variation of 2 /n peakV V  with ′cf  

 
Figure 4-39 Variation of 2 /n peakV V  with 

normalized axial stress 

peak shear strength) for walls with normalized axial stress in excess of 20% although the number 
of data points in this range is limited. 

Figure 4-45 presents the variation of normalized shear stress [shear force divided by the product 
of effective shear area ( 2 wd t ) and ′cf ] computed using Equation Set III ( 3nV ) and the measured 
peak shear strength ( peakV ), with v yvfρ . The predictions of Equation Set III are not limited by an 
upper bound shear stress unlike the other four procedures investigated herein. As seen in Figure 
4-45, Equation Set III produces better estimates of the peak shear strength of heavily reinforced 
walls than the ACI 318-08 procedures. As seen in Figure 4-35 and Figure 4-40, the predictions of 
ACI 318-08 for heavily reinforced walls are governed by the upper shear stress limit of 10 ′cf , 
which results in significant underestimation of the measured peak shear strength. 
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Figure 4-40 Variation of normalized shear stress obtained using Equation Set II ( 2nV ) and 

measured peak shear strength ( peakV ) with h yhfρ  

4.4.1.4 ASCE 43-05 Equation 

The ASCE 43-05 equation provides reasonable estimates of peak shear strength with mean and 
median values of predicted to measured peak shear strength of 0.94 and 0.91. The corresponding 
standard deviation and coefficient of variation are 0.26 and 0.28. Equation Set IV overpredicts 
the peak strength of 39% of the walls in the dataset: the highest percentage of the five equation 
sets studied. 

Figure 4-46 through Figure 4-50 present the variation of 4 /n peakV V  with the design variables used 
by Equation Set IV, namely, horizontal web reinforcement ratio, vertical web reinforcement 
ratio, moment-to-shear ratio, concrete compressive strength, and normalized axial stress, 
respectively. The major difference between Equation Set III and IV is the calculation of the shear 
carried by the reinforcement. Equation Set III uses vertical web reinforcement ratio whereas 
Equation Set IV uses a combined reinforcement ratio ( seρ ) calculated using both horizontal and 
vertical web reinforcement ratios that varies as a function of wall aspect ratio. An upper limit of 
1% is imposed on the combined reinforcement ratio of Equation Set IV. Accordingly, the ASCE 
43-05 predictions become more conservative with increasing reinforcement ratios. The accuracy 
of the predictions are dependent on moment-to-shear ratio and ′cf  as seen in Figure 4-48 and 
Figure 4-50 but are independent of normalized axial stress. The ASCE 43-05 predictive equation 
produces the best estimates of peak shear strength in a median sense (0.91) with the smallest 
coefficient of variation (0.28) of the five procedures considered. 
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Figure 4-41 Variation of 3 /n peakV V  with v yvfρ

 
Figure 4-42 Variation of 3 /n peakV V  with 

moment-to-shear ratio 

 
Figure 4-43 Variation of 3 /n peakV V  with ′cf  

 
Figure 4-44 Variation of 3 /n peakV V  with 

normalized axial stress 

Figure 4-51 presents the variation of normalized shear stress [shear force divided by the product 
of effective shear area ( 3 wd t ) and ′cf ] computed using Equation Set IV and the measured peak 

shear strength ( peakV ) with 1se yfρ . The upper shear stress limit of 20 ′cf  psi controls the shear 
strength of only 14 of the 254 walls in the dataset and so its influence on the shear strength 
predictions of Equations Set IV is insignificant. 

In addition, the normalized measured shear stresses for 62 walls exceeded the upper shear stress 
limit of 20 ′cf  psi and the utility of this limit is questionable for walls with boundary elements, 
if effective web area is used as a basis for calculating shear strength. 
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Figure 4-45 Variation of normalized shear stress obtained using Equation Set III ( 3nV ) and 

measured peak shear strength ( peakV ) with v yvfρ  

4.4.1.5 Wood’s Equation 

Figure 4-52 and Figure 4-53 present the variation of 5 /n peakV V  with the product of the 
reinforcement yield stress and the ratio of the total area of vertical reinforcement (includes 
vertical web reinforcement and reinforcement in boundary elements) to the total wall area, and 
concrete compressive strength, respectively. Figure 4-52 shows that the ratio of predicted to 
measured peak shear strength for Equation Set V decreases with increasing vertical 
reinforcement. The mean and median values of 5 /n peakV V  are 0.60 and 0.56, respectively. The 
corresponding standard deviation and coefficient of variation are 0.21 and 0.35. Of the five 
equation sets studied, Wood’s equation provides the most conservative estimates of peak shear 
strength. Figure 4-54 presents the variation of normalized shear stress [shear force divided by the 
product of the effective shear area ( wA ) and ′cf ] obtained using Equation Set V ( 5nV ) and 
measured peak shear strength ( peakV ) with the product of the reinforcement yield stress and the 
ratio of the total area of wall vertical reinforcement to the total wall area. Note that only 50 of the 
254 predictions are governed by the part of Equation Set V associated with the area of vertical 
reinforcement and the remaining predictions are limited by either the lower (195 of 204) or upper 
bound (9 of 204) limits on shear stress of  6 ′cf  and 10 ′cf  psi, respectively. 
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Figure 4-46 Variation of 4 /n peakV V  with h yhfρ  

 
Figure 4-47 Variation of 4 /n peakV V  with v yvfρ

 
Figure 4-48 Variation of 4 /n peakV V  with 

moment-to-shear ratio 

 
Figure 4-49 Variation of 4 /n peakV V  with 

normalized axial stress 

 
Figure 4-50 Variation of 4 /n peakV V  with ′cf  
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Figure 4-51 Variation of normalized shear stress obtained using Equation Set IV ( 4nV ) and 

measured peak shear strength ( peakV ) with 1se yfρ  

 

 
Figure 4-52 Variation of 5 /n peakV V  with 2vall yfρ

 
Figure 4-53 Variation of 5 /n peakV V  with ′cf  
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Figure 4-54 Variation of normalized shear stress obtained using Equation Set V ( 5nV ) and 

measured peak shear strength ( peakV ) with 2vall yfρ  

4.4.2 Group 2: Shear-Critical Walls with Boundary Elements 

Two hundred and twenty-three of the 254 squat walls with boundary elements (88%) were 
judged to be shear-critical. (The percentage of shear-critical rectangular walls in the rectangular 
wall dataset was 61%.) Figure 4-55 presents the variation of /peak flexV V  with moment-to-shear 
ratio, as a function of loading type. 

Table 4-5 summarizes results for the shear-critical walls. If the dataset is limited to these walls, a 
comparison of results presented in Table 4-5 and Table 4-4 shows a minor reduction in the 
percentage of unconservative predictions for all five equation sets. The ASCE 43-05 equation 
(Equation Set IV) estimates best the shear strength of shear-critical walls with a median value of 

4 /n peakV V  of 0.89 and a relatively small coefficient of variation (0.26). The equation of Wood 
provides the most conservative estimations as measured by median results (97%). The ASCE 43-
05 equation overestimates the peak shear strength of 35% of the 223 shear-critical walls, which 
is greatest of the five equation sets. The procedures of ACI 318-08 (Equation Set I and II) are 
generally conservative for shear-critical walls. Figure 4-56 presents box-and-whisker plots for 
the shear-critical walls. 
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Figure 4-55 Variation of the ratio of measured peak shear strength to the shear-flexural 

strength with moment-to-shear-ratio 

Table 4-5 Statistics of the ratio of the shear strength predicted using Equation Sets 1 
through 5 to measured peak shear strength of shear-critical walls (Group 2) 

 Mean Median St. Dev. COV Min Max % Over- 
Predictions 

1 /n peakV V  0.70 0.66 0.25 0.35 0.18 1.71 12 

1* /n peakV V  0.82 0.78 0.35 0.42 0.18 2.98 23 

2 /n peakV V  0.61 0.57 0.20 0.32 0.21 1.37 5 

2* /n peakV V  0.75 0.73 0.28 0.37 0.21 2.43 18 

3 /n peakV V  0.81 0.80 0.22 0.27 0.39 1.60 18 

4 /n peakV V  0.92 0.89 0.24 0.26 0.47 1.80 35 

4* /n peakV V  0.92 0.89 0.24 0.26 0.47 1.80 36 

5 /n peakV V  0.57 0.53 0.18 0.33 0.27 1.07 3 
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Figure 4-56 Distribution of the ratio of the predicted shear strengths to measured peak 

shear strengths for shear-critical walls 

4.4.3 Group 3: ACI 318-Compliant, Shear-Critical Walls with Boundary 
Elements 

Group 3 eliminates the walls that do not comply with the requirements of Section 21.9 of ACI 
318-08. Figure 4-57 presents the variation of normalized measured peak shear strength with the 
moment-to-shear ratio as a function of the number of reinforcement curtains in the wall. As seen 
in the figure, the variations of experimental peak shear strength with moment-to-shear ratio are 
quite similar for walls with single and double reinforcement curtains. Therefore, the number of 
reinforcement curtains is not used to identify the ACI-compliant walls. As a result, all walls 
considered in this group, had horizontal and vertical web reinforcement ratios of at least 0.0025 
and vertical web reinforcement ratio not less than horizontal web reinforcement ratio. One 
hundred and seventy-five of the 223 shear-critical walls in Group 2 are considered to be ACI 
318-compliant. Table 4-6 summarizes results for Group 3 walls. A comparison of the results 
presented in Table 4-6 and Table 4-5 shows an improvement in the predictions of all equation 
sets in terms of the coefficients of variation. The ASCE 43-05 equation provides the best 
estimates of the peak shear strength of ACI 318-compliant, shear-critical walls with a mean 
value of 4 /n peakV V  of 0.91 and a relatively small coefficient of variation. The equations of 
Chapter 11 of ACI 318-05 and Wood again provide the most conservative estimates of peak 
shear strength as measured by median results. The ASCE 43-05 equation yields the highest 
percentage of overestimations of peak shear strength (33%) in Group 3, of the five procedures 
considered. 
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Figure 4-57 Variation of normalized measured peak shear strength ( peakV ) with moment-to-

shear ratio as a function of the number of reinforcement curtains 

Table 4-6 Distribution of the ratio of the predicted shear strengths to measured peak shear 
strengths for ACI 318-compliant, shear-critical walls 

  Mean Median St. Dev. COV Min Max % Over- 
Predictions 

1 /n peakV V  0.68 0.66 0.18 0.26 0.28 1.34 4.6 

1* /n peakV V  0.79 0.78 0.25 0.31 0.28 1.74 16.0 

2 /n peakV V  0.59 0.56 0.15 0.25 0.34 1.11 1.7 

2* /n peakV V  0.74 0.73 0.20 0.28 0.37 1.31 12.0 

3 /n peakV V  0.82 0.79 0.21 0.26 0.42 1.60 19.4 

4 /n peakV V  0.90 0.87 0.23 0.25 0.49 1.80 31.4 

4* /n peakV V  0.91 0.87 0.23 0.26 0.49 1.80 33.1 

5 /n peakV V  0.53 0.49 0.17 0.32 0.28 1.07 2.3 
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The performances of the different equation sets vary only slightly for the Group 1, 2 and 3 walls. 
For all groups, the ASCE 43-05 equation provides the best estimates of the peak shear strength in 
a median sense. The equations of Chapter 11 of ACI 318-08 and the Wood equation give the 
most conservative estimates of the peak shear strength whereas the ASCE 43-05 equation give 
the most unconservative estimates of the peak shear strength. The trends associated with the 
predictions of Chapter 21 and Chapter 11 of ACI 318-08 are similar but the Chapter 11 equation 
consistently provides more conservative (lower) estimates. The performance of the Barda 
equation is superior to the ACI 318-08 and Wood equations but inferior to the ASCE 43-05 
equation for predicting the peak shear strength of squat walls with boundary elements. 
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5 FINITE ELEMENT MODELING OF SQUAT 
REINFORCED CONCRETE WALLS 

5.1 Introduction 

Finite element studies of reinforced concrete started in late 1960s with the concurrent 
development of discrete- and smeared-crack approaches to represent the cracking behavior of 
concrete. Significant advances in finite element modeling of reinforced concrete have been made 
in the past 40 years. The number of studies using smeared models of cracks has significantly 
outnumbered those used discrete models of cracks. The two major advantages of smeared-crack 
modeling over discrete-crack modeling are simplicity and computational efficiency. Section 
2.3.4 presents a literature review of crack modeling. 

Another important component of finite element of reinforced concrete structures is the selection 
of material constitutive relationships. A number of constitutive models based on elasticity- and 
plasticity-based theories have been developed. Each theoretical approach includes a unique set of 
model parameters and may yield substantially different results. Modeling decisions and selection 
of material parameters are of significant importance in predicting the response of reinforced 
concrete structures using finite element analysis tools. 

Squat reinforced concrete walls pose unique challenges in terms of finite element modeling 
because of their low ratios of moment to shearing force. The plane-section hypothesis is violated 
since shear deformations contribute substantially to the response of squat walls. High shear 
demands invoke relatively brittle failure mechanisms (i.e., diagonal tension, diagonal 
compression, and sliding shear) resulting in a more complex and less predictable response than 
in taller walls, which are flexure dominated. In many cases, damage to concrete in the form of 
widespread crushing and/or cracking govern the response of squat reinforced concrete walls and 
reinforcement yielding is generally modest in these components. 

This section focuses on the analytical modeling of squat reinforced concrete walls using widely 
used commercial nonlinear finite element tools. The intention here is not to match experimental 
data by calibration but rather to assess the performances of the codes by making viable modeling 
assumptions and to identify key parameters and modeling techniques that significantly affect the 
predicted response. The impact of the key parameters on predicted response is investigated. 

Two finite element codes, namely, ABAQUS [Hibbitt, Karlsson & Sorensen, Inc. (2004)] and 
VecTor2 [VecTor Analysis Group (2007)] are used to model the behavior of squat walls. 
ABAQUS is a general-purpose finite element code whereas VecTor2 is limited to reinforced 
concrete. Each code has a different approach in simulating the behavior of reinforced concrete. 
The concrete model in ABAQUS is a plasticity-damage type model based on the work of 
Lubliner et al. (1989) and Lee and Fenves (1998). VecTor2 accommodates two smeared-crack 
formulations for finite element analysis of reinforced concrete structures, namely, Modified 
Compression Field Theory (MCFT) [Vecchio and Collins (1986)] and Disturbed Stress Field 
Model (DSFM) [Vecchio (2000), Vecchio et al. (2001)]. MCFT is a rotating crack approach that 
models concrete as an orthotropic material and assumes that the orientations of the principal 
strain and stress are identical. DSFM does not enforce alignment of the principal strain and stress 
directions and is considered as a delayed rotating-crack model [Wong and Vecchio (2002)]. The 
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MCFT and DSFM were developed at the University of Toronto. The results of experiments on 
reinforced concrete panels had significant impact on the development of MCFT and DSFM 
formulations [Vecchio and Collins (1982), Bhide and Collins (1987)]. Detailed information on 
the two formulations is included in Appendix B. 

The experimental responses of six squat walls are simulated using ABAQUS and VecTor2. 
Section 5.2 presents information on the experimental behavior of the walls that are selected for 
finite element modeling. Sections 5.3 and 5.4 present the behaviors predicted using ABAQUS 
and VecTor2, respectively. Section 5.5 presents a discussion on prediction of behavior of walls 
with boundary elements using VecTor2. 

5.2 Selected Wall Experiments for Finite Element Modeling 

Six squat walls from three different experimental programs are analyzed using the finite element 
method. The simulated structures are walls S4 and S9 tested by Maier and Thürlimann (1985), 
walls LSW1, LSW2, and LSW3 tested by Salonikios et al. (1999), and wall DP1 tested by 
Palermo and Vecchio (2002a). These walls are selected because their experimental behaviors 
were representative of different failure modes observed in squat reinforced concrete walls. More 
importantly, the experimental data for these walls are reported in substantial detail including 
discussions of the damage progression and wall failure modes. 

Walls S4, S9, LSW1, LSW2, and LSW3 have rectangular cross-sections and wall DP1 has 
flanges. Walls S4 and S9 were tested under monotonic loading whereas the other four walls were 
tested using cycling loading protocols. Walls S4 and S9 tested by Maier and Thürlimann (1985) 
were identical except for horizontal web reinforcement ratio. Wall S9 included vertical web 
reinforcement but no horizontal web reinforcement, and failed due to a corner-to-corner crack 
(diagonal tension). Wall S4, which included approximately 1.0% horizontal web reinforcement, 
failed by concrete crushing in the compression toe. The failures of walls LSW1 and LSW2 tested 
by Salonikios et al. (1999) were due to sliding at the bottom of the wall web. Wall LSW3 tested 
by Salonikios et al. (1999) was identical to wall LSW2 except that wall LSW3 was tested with an 
imposed axial force of 0.07 w cA f ′ . Application of axial force on wall LSW3 helped limiting the 
sliding displacements but the wall experienced significant crushing at the compression toes. Wall 
DP1 included a relatively heavy top slab and foundation and wide flanges. Wall DP1 also failed 
due to crushing but crushing was widespread at the mid-height of the wall web rather than being 
localized in the compression toes. The six walls selected for finite element modeling cover the 
wide range of failure modes observed in squat reinforced concrete walls. The following 
subsections summarize the experimental response of the six squat walls in more detail. 

5.2.1 Walls S4 and S9 – Maier and Thürlimann (1985) 

Walls SW4 and SW9 tested by Maier and Thürlimann (1985) had rectangular cross-sections and 
were tested under quasi-statically applied monotonic loading. The walls were 1.18 m long, 1.20 
m high, and 0.10 m thick. The aspect ratio and the moment-to-shear ratio of the walls were 1.02 
and 1.12, respectively. Wall S4 included uniformly distributed vertical and horizontal web 
reinforcement whereas wall S9 was reinforced with vertical web reinforcement only. The vertical 
web reinforcement in each wall and the horizontal web reinforcement in wall S4 consisted of two 
curtains of 8 mm diameter rebar spaced at 100 mm on center, corresponding to a rebar ratio of 
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approximately 1.0%. Axial and lateral loads were transferred to the walls through the beams 
constructed over the wall webs. Wall foundations were clamped to the laboratory strong floor. 
Table 5-1 presents construction and test data for walls S4 and S9. 

Table 5-1 Experimental parameters for walls S4 and S9 [Maier and Thürlimann (1985)] 

 Concrete Reinforcement (Φ 8) 

Wall ID cf ′  
(MPa) 

cE  
(MPa) 

yf  
(MPa) 

uf  
(MPa) 

sE  
(MPa) 

hρ  
(%) 

vρ  
(%) 

P  
 (kN) 

S4 32.9 31600 574 764 198000 1.01 1.02 262 

S9 29.2 28800 560 762 200000 0.0 1.02 260 

Figure 5-1 presents the experimental cracking patterns for wall S4 at various displacement levels 
and the load-drift relationship for the wall. The response of the wall was dominated by flexural 
and shear cracking that was uniformly distributed over the wall web. The peak shear strength of 
the wall (392 kN) was attained at 0.95% drift. Wall failure was due to crushing in the 
compression toe of the web. First yielding in the vertical reinforcement was observed at a 
displacement of 5.4 mm (drift = 0.45%) at the extreme tension edge of the wall section. The 
recorded strains in the horizontal web reinforcement were less than the yield strain at all stages 
of the testing. 

Figure 5-2 presents data for wall S9. As seen in Figure 5-2a, the response of wall S9 was initially 
dominated by flexural cracking. First yield in the vertical reinforcement was observed at a 
displacement of 6.2 mm (drift = 0.52%) at the extreme tension edge of the wall section. Shear 
cracks began to dominate the wall response as the displacement demand on the wall was 
increased. The peak shear strength of the wall (342 kN) was attained at 0.76% drift. At greater 
drift, the lateral strength degraded as the diagonal shear cracks widened, the stability of the 
compression toe was compromised by propagation of the diagonal cracks into this region (see 
Figure 5-2c). 

5.2.2 Walls LSW1, LSW2, and LSW3 – Salonikios et al. (1999) 

Salonikios et al. (1999) tested 11 squat reinforced concrete walls of rectangular cross-sections 
under quasi-static cyclic loading. Six walls had an aspect ratio of 1.5 and five walls had an aspect 
ratio of 1.0. Two walls with an aspect ratio of 1.5 and two walls with an aspect ratio of 1.0 
included diagonal reinforcement. Herein, the three orthogonally reinforced walls with an aspect 
ratio of 1.0 (LSW1, LSW2, and LSW3) are modeled. 

Walls LSW1, LSW2, and LSW3 were 1.20 m (47.2 in.) long, 1.20 m (47.2 in.) high, and 0.10 m 
(3.94 in.) thick. Twenty-four cm (9.45 in.) long boundary elements were formed at the wall ends 
using confinement reinforcement φ 4.4 rectangular hoops at 2.6 mm on center. The compressive 
strengths of the concrete used to construct walls LSW1, LSW2 and LSW3 were 22.2, 21.6, and 
23.9 MPa, respectively. The reinforcement details of the walls are summarized in Table 5-2. In 
Table 5-2, vρ  is vertical web reinforcement ratio, hρ  is horizontal web reinforcement ratio, and 

beρ  is the flexural reinforcement ratio. As seen in the table, all walls included isotropic web 
reinforcement ( vρ = hρ ). The walls were constructed using a combination of φ 4.2 and φ 8 
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a) displacement = 3 mm (drift = 0.25%) 

 
b) displacement = 9.4 mm (drift = 0.78%) 

 
c) displacement = 18.5 mm (drift = 1.55%) 

 
d) Load-drift relationship 

Figure 5-1 Cracking patterns for wall S4 at various displacement levels [Maier and 
Thürlimann (1985)] and the experimental load-drift relationship 
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a) displacement = 3 mm (drift = 0.25%) 

 
b) displacement = 6.2 mm (drift = 0.52%) 

 
c) displacement = 14.6 mm (drift = 1.22%) 

 
d) Load-drift relationship 

Figure 5-2 Cracking patterns for wall S9 at various displacement levels [Maier and 
Thürlimann (1985)] and the experimental load-drift relationship 
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Table 5-2 Reinforcement details for walls LSW1, LSW2, and LSW3 

Wall ID beρ  (%) vρ  (%) hρ  (%) 

LSW1 
1.70 

[8φ 8] 

0.565  
[2#φ 4.2@100 mm] + 

[1#φ 8@180 mm] 

0.565  
[2#φ 4.2@100 mm] + 

[1#φ 8@180 mm] 

LSW2 
1.30 

[6φ 8] 
0.277 

[2#φ 4.2@100 mm] 
0.277  

[2#φ 4.2@100 mm] 

LSW3 
1.30 

[6φ 8] 
0.277  

[2#φ 4.2@100 mm] 
0.277  

[2#φ 4.2@100 mm] 

reinforcement for which the measured yield stresses were 610 MPa (88.5 ksi) and 585 (84.8 ksi), 
respectively. Wall LSW1 included 0.57% web reinforcement and walls LSW2 and LSW3 
included 0.28% web reinforcement. The ratio of the flexural reinforcement in the boundary 
elements ( beρ ) was 1.70% for wall LSW1 and 1.30% for walls LSW2 and LSW3. Walls LSW1 
and LSW2 were tested without axial forces whereas wall LSW3 was tested with an axial force of 
0.07 w cA f ′ . Walls LSW2 and LSW3 were identical except for a small difference in the 
compressive strength of the concrete. Axial and lateral loads were transferred to the walls 
through the beams constructed over the wall webs. All walls were fixed to the laboratory floor 
using prestressing bars. 

Figure 5-3 and Figure 5-4 present the experimental load-displacement relationships for the 
specimens LSW1 and LSW2 (identical except for reinforcement ratios) and LSW2 and LSW3 
(identical except for axial force), respectively. Pinched hysteretic behavior, which is a 
characteristic of squat wall response, can be seen clearly in the reported load-displacement 
relationships for all three walls. The hysteresis loop for wall LSW3 is less pinched than those of 
walls LSW1 and LSW2, which can be attributed to the compressive axial load applied to wall 
LSW3. The dissipated energy and the recorded peak shear strength for wall LSW3 are 
substantially higher than those of the other two walls. The peak shear strength of wall LSW1 is 
higher than that of wall LSW2 because wall LSW1 included twice the web reinforcement used in 
wall LSW2. Significant residual displacements, defined here as the zero-force displacement 
intercept are seen in all three walls in the latter stages of the test. 

Figure 5-5 presents the conditions of walls LSW1, LSW2, and LSW3 at the end of testing. Near 
horizontal flexural cracks at the base were the first cracks to initiate during the testing of each 
wall. For walls LSW1 and LSW2, flexural cracks on each side of the wall web near the base 
joined forming a major crack spanning the wall length as a result of the cyclic loading. The 
concrete at the bases of the walls started to deteriorate and local concrete crushing was observed 
in these regions due to sliding. Walls LSW1 and LSW2 experienced rapid degradation of 
strength and stiffness following the attainment of peak shear strength as sliding between wall 
web and foundation became the dominant deformation mechanism. The sliding deformations 
experienced by wall LSW3 were smaller than that those in the other two walls due to the 
application of compressive axial load. Crushing in the compression toes of wall LSW3 was more 
widespread than those of walls LSW1 and LSW2, which can again be attributed to the higher 
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Figure 5-3 Experimental load-displacement relationships for wall LSW1 and LSW2 

 
Figure 5-4 Experimental load-displacement relationships for wall LSW2 and LSW3 
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a) LSW1 b) LSW2 c) LSW3 

Figure 5-5 Conditions of walls LSW1, LSW2, and LSW3 tested by Salonikios et al. (1999) 
after the testing 

axial force demand on wall LSW3 that was effective in limiting the sliding deformations. 
Limiting the sliding displacements also increased the shear forces in the web, and as a result, 
shear cracking was more widespread in the web of wall LSW3 (see Figure 5-5). In all three 
walls, the shear cracks were generally inclined at approximately 45 degrees near the wall center. 
The inclination of the shear cracks significantly decreased towards web boundaries due to the 
heavily reinforced boundary elements. 

5.2.3 Wall DP1 – Palermo and Vecchio (2002a) 

Palermo and Vecchio (2002a) tested two flanged walls (DP1 and DP2) under quasi-static cyclic 
loading, which were similar in terms of geometry to the two NUPEC wall specimens that were 
tested using earthquake simulators [Kitada et al. (1997)]. Only wall DP1 is modeled herein 
because wall DP2 failed in an unorthodox manner due to sliding between wall web and the top 
slab. Palermo and Vecchio (2002a) noted that this failure could be a result of either relatively 
weaker concrete at the upper part of the wall web or a thinner web section near the top slab. 

Wall DP1 was 3075 mm long, 2020 mm high, and 75 mm thick, and included flanges that were 
95 mm thick and 3045 mm long. A top slab was (4415 mm x 4000 mm x 640 mm) constructed to 
transfer the applied lateral and axial forces to the wall web. The wall was constructed on a 
relatively large foundation (4415 mm x 4000 mm x 640 mm) which was clamped to the 
laboratory floor. The dimensions of wall DP1 are illustrated in Figure 5-6. Figure 5-7 presents a 
photograph of wall DP1 before testing. 

Different concrete strengths were used for the top slab, foundation and the web/flanges of wall 
DP1. The compressive strength of the concrete used in the wall web and flanges was 21.7 MPa 
(3.15 ksi). Compressive strengths for the concrete used in the top slab and the foundation were 
43.9 MPa (6.37 ksi) and 34.7 MPa (5.03 ksi), respectively. The corresponding moduli of  
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a) Side view 

 
b) Front view 

Figure 5-6 Dimensions (in mm) of wall DP1 [Palermo and Vecchio (2002a)] 

 
Figure 5-7 Wall DP1 before testing [Palermo and Vecchio (2002a)] 

elasticity for web and flanges, top slab and foundation concrete were 25900 MPa, 43700 MPa, 
and 36900 MPa, respectively. 

The horizontal web reinforcement consisted of two curtains of D6 rebar (nominal diameter = 7 
mm) spaced at 140 mm and the vertical web reinforcement consisted of two curtains of D6 rebar 
spaced at 130 mm. The corresponding horizontal and vertical web reinforcement ratios were 
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0.737% and 0.794%, respectively. Flange vertical reinforcement consisted of two curtains of D6 
bars spaced at 130 mm near the wall web and D6 bars spaced at 355 mm remote from the wall 
web. The flange horizontal reinforcement consisted of two curtains of D6 bars spaced at 140 
mm. Figure 5-8 illustrates the details of the reinforcement in the web and flanges of wall DP1. 
The yield and the fracture stresses of the D6 rebar were 605 MPa (87.7 ksi) and 652 MPa (94.6 
ksi), respectively. D30 rebar (nominal diameter = 29.9 mm) spaced at 350 mm in each direction 
was used in two layers (at the top and bottom) in the top slab and foundation. The reinforcement 
ratios for the top slab and foundation were 0.63% and 0.65 %, respectively. The yield and the 
fracture stresses of the D30 rebar were 550 MPa (79.8 ksi) and 696 MPa (100.9 ksi), 
respectively. The measured moduli of elasticity for D6 and D30 rebar were 190,250 MPa and 
220,000 MPa, respectively. The wall foundation was clamped to the laboratory strong floor using 
forty 2 in. diameter bolts post-tensioned to 8000 psi. 

 
   Note: V.E.F : Vertical, each face ; H.E.F : Horizontal, each face 

Figure 5-8 Top view of reinforcement in wall DP1 [Palermo and Vecchio (2002a)] 

Wall DP1 was tested using a quasi-static loading protocol. Lateral force was transferred to the 
wall through the top slab that was laterally displaced using two 1000 kN actuators. Displacement 
was incremented 1 mm at each load step and two cycles were imposed at each displacement 
level. An axial force of 0.054 t cA f ′  (940 kN) was applied to the wall. The experimental load-
displacement relationship for wall DP1 is presented in Figure 5-9. Notable in the figure is the 
highly pinched hysteresis and rapid strength and stiffness degradation following the attainment 
of the peak shear strength. 

The experimental peak shear strength of wall DP1 was 1298 kN at a lateral displacement of 11.1 
mm (0.55% drift). Wall DP1 failed by crushing of the web concrete as seen in Figure 5-10. 
Following the attainment of peak shear, crushing was seen in the web of the wall and the shear 
strength of the wall began to degrade rapidly. As the displacement demand on the specimen 
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Figure 5-9 Experimental load-displacement relationship for wall DP1 [Palermo and 

Vecchio (2002b)] 

 
Figure 5-10 Wall DP1 condition at failure (15 mm lateral displacement) [Palermo and 

Vecchio (2002a)] 
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increased, crushing and strength degradation became more severe and the test was terminated at 
the completion of the displacement cycle to the lateral displacement of 15 mm. 

Flexural cracking was observed in the flanges of the wall. No other major damage was observed 
in the wall flanges. Of the 40 strain gauges used on the web and flange reinforcement of wall 
DP1, only two on horizontal web reinforcement recorded strains in excess of yield. However, 
this observation should be evaluated with caution since the location of the gages may have 
significantly influenced the recordings (i.e., gages at cracks record much higher strains than 
those in uncracked concrete). 

First yielding in horizontal web reinforcement was observed at a lateral displacement of 11.6 mm 
(0.57% drift) near the center of the wall web in the first displacement cycle to 13 mm. The 
maximum strain in vertical web reinforcement (0.0019) was recorded in tension during the first 
cycle to a lateral displacement of 14 mm (0.69% drift) at a gage at the base of the web near the 
flange in compression. The maximum strain (0.00218) in vertical flange reinforcement was 
recorded during the first cycle to a lateral displacement of 12 mm (0.59% drift) at a gage located 
slightly below the center of the flange near the flange web intersection. The yield strain for D6 
reinforcement used in the web and flanges of the wall was 0.00318. 

5.3 ABAQUS Models 

5.3.1 General 

The Concrete Damaged Plasticity (CDP) model in ABAQUS uses the concepts of isotropic 
damaged elasticity and hardening plasticity to represent the behavior of concrete. The model uses 
the yield function of Lubliner et al. (1989) with the modifications proposed by Lee and Fenves 
(1998) to account for the multiple damage states (compression and tension damage). The flow 
potential is defined using a Drucker-Prager function of the hyperbolic type. Detailed information 
on the constitutive model is presented in Appendix B. 

Attempts to simulate cyclic loading using the CDP model in ABAQUS were unsuccessful due to 
the lack of convergence1. Therefore, monotonic force-displacement (pushover) curves for walls 
S4 and S9 tested by Maier and Thürlimann (1985) and wall DP1 tested by Palermo and Vecchio 
(2002a) are developed using the CDP model. Walls LSW1, LSW2 and LSW3 tested by 
Salonikios et al. (1999) are not modeled using CDP since these walls experienced significant 
sliding which is a phenomenon that is peculiar to cyclically loaded squat walls. 

5.3.2 Modeling Parameters 

For rate- and temperature-independent analyses, the CDP model in ABAQUS requires the 
definition of the following data associated with concrete behavior: a) uniaxial response in 
compression, b) uniaxial response in tension, c) ratio of initial equibiaxial compressive yield 
stress to initial uniaxial compressive yield stress ( 0 0/b cσ σ ), d) ratio of the second deviatoric 
stress invariant on the tensile meridian to that on the compressive meridian ( cK ), and e) 
eccentricity and dilation parameters for the flow potential. 

                                                 
1 The damage parameters are calibrated using the cyclic stress-strain relationships proposed by Mander et al. (1988). 
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The evolution of the yield surface in the CDP model is controlled by two hardening parameters 
that are internally calculated by the software using the user-defined uniaxial responses of 
concrete under compression and tension. The uniaxial compressive response of concrete is 
represented using the stress-strain curves reported by the researcher for concrete. For those cases 
where this data are not reported by the researcher, the numerical model of Popovics (1973) is 
used to represent the uniaxial compressive response, cf ′ , of concrete. The Popovics model is 
represented by the following equations: 
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where cf ′  is compressive strength, 0cε  is the strain corresponding to cf ′ , and cE  is the modulus 
of elasticity of concrete. In the absence of experimental data, cE  is calculated using 

 5000 (MPa)c cE f ′=  (5-4) 

and 0cε  is assumed as 0.002. Figure 5-11 presents stress-strain relationships obtained using the 
Popovics model for different values of cf ′ . 

In reinforced concrete, the intact concrete between the cracks can carry tensile stresses due to the 
bond between the rebar and surrounding concrete. This effect is known as tension-stiffening and 
needs to be considered in modeling the behavior of reinforced concrete structures. When the 
interaction between concrete and reinforcement is not explicitly modeled, a common approach 
has been to introduce an empirical tension-stiffening model to simulate the tensile stress carried 
by the concrete between cracks. The CDP model in ABAQUS requires modeling the behavior of 
concrete in tension using either a post-cracking stress-strain relationship or a fracture-energy-
cracking model. The former is used here. The tension-stiffening model proposed by Vecchio and 
Collins (1986) is adopted for all finite element analyses conducted using ABAQUS. 

In this model, the stress-strain relationship for concrete in tension is linear up to the onset of 
cracking. Following the initiation of cracking, the tension-stiffening relationship presented in 
Equation 5-5 is used to represent the behavior of reinforced concrete under tension. Equation 5-5 
is based on the results of experiments of reinforced concrete panels at University of Toronto. 
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Figure 5-11 Uniaxial compressive stress – strain relationships obtained using Popovics 

model for unconfined concrete 

where tε  is tensile strain and the constant tc  determines the rate at which the tensile stress, tf , 
diminishes and was determined experimentally to be 200 by Vecchio and Collins (1982). The 
tensile strength of concrete, tf ′ , is calculated using Equation 5-6 in the Vecchio-Collins tension-
stiffening model. 

 4   (psi)  =0 33  (MPa)t c cf f . f⎡ ⎤′ ′ ′= ⎣ ⎦  (5-6) 

In addition to the hardening variables calculated internally by the software using the user-defined 
compressive and tensile responses, two other parameters are required to define the yield function 
for the CDP model. These parameters are the ratio of initial equibiaxial compressive yield stress 
to initial uniaxial compressive yield stress ( 0 0/b cσ σ ) and the ratio of the second deviatoric stress 
invariant on the tensile meridian to that on the compressive meridian ( cK ). Lubliner et al. (1989) 
states that 0 0/b cσ σ  ranges between 1.10 and 1.16 and cK  typically ranges between 0.64 and 
0.80 for concrete. The software defaults for 0 0/b cσ σ  and cK  parameters, 1.16 and 0.67, 
respectively, are used for the analyses. 

The CDP model uses a non-associated flow rule, where the yield function and the plastic 
potential function are not identical, that is, the plastic strain increment vector is not normal to the 
yield surface. In the CDP model, the plastic potential function is a hyperbolic type Drucker-
Prager function for which a detailed discussion is provided in Appendix B. Three parameters are 
required to define the function, namely, uniaxial tensile stress ( 0tσ ), dilation angle (ψ ) and 
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eccentricity (ε ). The uniaxial tensile stress is adopted directly from the user-defined stress-strain 
response under tension. The dilation angle is the slope of the plastic potential function measured 
in the p q− 2 plane at higher confining pressures (see Figure B-1). The dilation angle is a critical 
parameter in the CDP formulation because it determines the direction of the plastic flow via the 
incremental plastic strain vector. Experimental evaluation of this parameter requires monitoring 
of the incremental plastic strains in concrete for various triaxial stress states. This data was not 
provided for any of the wall experiments modeled in this study. Therefore, the effect of dilation 
angle on the predicted response is investigated using a parametric study. 

Eccentricity is the parameter that defines the rate at which the hyperbolic potential function 
approaches the asymptote. The plastic potential function becomes a straight line (linear type 
Drucker-Prager function) for e  = 0. However, the use of the linear form of the function is not 
desirable from computational standpoint because of the discontinuity of the function at p  axis 
intersection (see Figure B-1). The software default (0.1) is used for the analyses herein because it 
enables a near constant value of the dilation angle over a wide range of confinement stresses. 

5.3.3 Finite Element Models of Walls S4 and S9 

Detailed information on the geometry, material properties and experimental response of walls S4 
and S9 tested by Maier and Thürlimann (1985) is presented in Section 5.2.1. In this section, 
corresponding finite element analysis results obtained using ABAQUS are presented. Figure 
5-12a presents the finite element model constructed using ABAQUS/CAE (pre- and post-
processor for ABAQUS) that is used to simulate walls S4 and S9. Walls S4 and S9 were tested 
under monotonic lateral loading that was applied quasi-statically. The lateral load was 
transferred to the web of the wall through the top beam using two hydraulic jacks. As illustrated 
by the horizontal arrows in Figure 5-12a, nodal displacement boundary conditions applied at the 
mid-height of the top beam are used to simulate the lateral load on the walls. Axial load is 
simulated by defining an equivalent pressure at the top surface of the top beam (vertical arrows 
in Figure 5-12a). The orange symbols below the wall foundation in Figure 5-12a represent the 
fixed boundary conditions imposed on the model. Figure 5-12b illustrates the reinforcement 
model constructed in ABAQUS/CAE for wall S4. As seen in the figure, the reinforcement is 
modeled explicitly. The same reinforcement model, but without the horizontal web 
reinforcement, is used for wall S9. 

Finite element results for walls S4 and S9 are obtained using two different meshes, namely, 
mesh-1 and mesh-2, for each wall. The meshes are illustrated in Figure 5-12c and Figure 5-12d, 
respectively. In mesh-1, the web of the wall consists of 144 brick elements (12 x 12 x 1). The 
primary objective for constructing mesh-1 was to include reinforcement (modeled discretely) 
within each solid element to maintain uniform distribution of reinforcement into the solid 
elements that represent concrete. Therefore, the number of elements to be used along the height 
and the length of the wall web were determined based on the spacing of the reinforcement in the 
corresponding directions. Only one brick element is used through the thickness of the web; as a 
result two rebars are embedded in each brick element. Mesh-2 is an h-refinement extension of 
mesh-1 for the web region of the wall. In mesh-2, the web of the wall consisted of 1152 (24 x 24 
x 2) brick elements. The top beam and foundation meshes remain elastic throughout the loading  

                                                 
2 Variable p  is hydrostatic pressure and variable q  is Mises equivalent effective stress. 
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a) ABAQUS model for walls S4 and S9 b) Reinforcement scheme (wall S4) 

  

c) Mesh-1 d) Mesh-2 

Figure 5-12 ABAQUS models used to simulate the response of walls S4 and S9 

history therefore a mesh refinement is unnecessary for these regions. The top beam and the 
foundation consist of 420 elements (15 x 7 x 4) in both meshes. The reinforcement in the walls is 
redistributed to include reinforcement in each solid element in mesh-2 but the total area of the 
reinforcement is unchanged from that in the test specimen. Further refinement of the mesh would 
have resulted in four elements through the thickness of the wall web and a redistribution of the 
reinforcement into even smaller elements, both of which were deemed inappropriate. The brick 
elements that represent concrete are 8-node linear, fully integrated, hexagonal elements (C3D8). 
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The wall reinforcement is modeled discretely using the reported reinforcement scheme and 
meshed using 2-noded linear truss elements (T3D2). Full bond between concrete and 
reinforcement is assumed using the embedded elements constraint in ABAQUS. This technique 
constrains the translational degrees of freedom of the nodes of the embedded elements with 
respect to the response of the host elements (hexagonal elements herein). The top beam-wall web 
and foundation-wall web interfaces are modeled using a tie constraint, which constraints the 
displacement of the translational degrees of freedoms on the tied surfaces to be equal. 

For walls S4 and S9, reported values of cf ′  along with Popovics concrete model are used to 
simulate the compressive behavior of concrete. The parameters that are associated with tensile 
behavior of concrete are adopted from the empirical model introduced in Section 5.3.2. Poisson’s 
ratio for concrete was set equal to 0.18 [Mindess et al. (2003)]. The two parameters associated 
with the yield function,  0 0/b cσ σ  and cK , are assumed to be 1.16 and 0.67: the defaults set by the 
software and within the ranges provided by Lubliner et al. (1989). The eccentricity (ε ) 
parameter associated with the flow potential is assumed to be 0.1, which is the default value set 
by the software. The effect of the second parameter associated with flow potential, dilation angle 
( ),ψ  on the finite element results is investigated parametrically. The wall reinforcement, which 
consisted of 8-mm diameter rebars, is modeled as an elasto-plastic material with isotropic 
hardening. The reported values of modulus of elasticity, yield stress, ultimate stress, failure 
strain, and strain at the onset of strain hardening are used to define the reinforcement behavior. 
Poisson’s ratio for steel was set equal to 0.30. 

Figure 5-13 presents the load-displacement relationships obtained as a function of dilation angle 
for wall S4 and mesh-1. The calculated response is significantly affected by variation of ψ . A 
softening regime could only be observed for the response calculated using ψ  = 55.  

Wall ductility is overestimated in all cases and the rate of strength degradation following the 
attainment of the peak shear strength could not be predicted accurately. Experimental peak shear 
strength is best predicted using ψ  = 45 but the overall response is best predicted using ψ  = 55. 
The load-displacement relationship obtained using ψ  = 55 can be improved by imposing a 
failure strain on the compressive response of concrete modeled using the Popovics model. 

Figure 5-14 and Figure 5-15 present the deformed shapes under 10x magnification and the 
variation of maximum principal strains over the wall web for ψ  = 55 and ψ  = 15, respectively, 
at a lateral displacement of 18.5 mm (1.55% drift). It is clear that the deformed shape obtained 
for ψ  = 55 is a significantly better representation of the experimental behavior at 1.55% drift, 
which is presented in Figure 5-1c. For the response predicted using ψ  = 55, the maximum 
principal strains peak at the toe of the wall web that is subjected to tension as seen in Figure 
5-14. On the other hand, a horizontal failure plane near the base of the wall web is observed for 
the response predicted using ψ  = 15 that is the reason for significant underestimation of the 
measured peak shear strength. 

Figure 5-16 presents the load-displacement relationships obtained as a function of dilation angle 
for wall S9 and mesh-1. The effect of ψ  on the predicted response is more significant than for 
wall S4. This is expected because wall S9 does not include horizontal web reinforcement and the 
demand on the concrete formulation is relatively higher in terms of predicting the experimental 
response. Therefore, the predicted response for wall S9 is more sensitive to ψ , which is related 
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Figure 5-13 Variation in predicted response as a function of dilation angle for wall S4 and 

mesh-1 

 
Figure 5-14 Deformed shape and variation of maximum principal strains over the wall web 

for wall S4 and ψ  = 55 
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Figure 5-15 Deformed shape and variation of maximum principal strains over the wall web 

for wall S4 and ψ  = 15 

 
Figure 5-16 Variation of predicted response as a function of dilation angle for wall S9 and 

mesh-1 

to modeling the response of concrete. The measured peak shear strength is underestimated for all 
values of ψ  with the best prediction obtained using ψ  = 55. The cracking patterns associated 
with the experimental response of wall S9 are presented in Figure 5-2. As seen in that figure, the 
failure of the wall was triggered by a wide corner-to-corner crack, which accounted for the 
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majority of the damage as the displacement demand on the wall was increased. Figure 5-17 
presents the deformed shapes under 10x magnification and the variation of maximum principal 
strains over the wall web for ψ  = 55 at a lateral displacement of 14.6 mm (1.22% drift). As seen 
in the figure, the maximum principal strains peak near the center of the wall web and at the toe of 
the wall web that is subjected to tension due to flexural loading, which is in agreement with the 
observed experimental response. 

 
Figure 5-17 Deformed shape and variation of maximum principal strains over the wall web 

for wall S9 and ψ  = 55 

Figure 5-18 and Figure 5-19 present the load-displacement relationships for walls S4 and S9, 
respectively, obtained using mesh-1 and mesh-2. The effect of mesh refinement on the calculated 
response is insignificant for wall S4, which includes heavy web reinforcement in horizontal and 
vertical directions. The effect of mesh refinement is more pronounced for wall S9, which has no 
horizontal web reinforcement. The coarser mesh (mesh-1) better reproduces the measured load-
displacement response than the finer mesh (mesh-2). 

5.3.4 Finite Element Model of Wall DP1  

Detailed information on  the geometry, material properties and experimental response of wall 
DP1 [Palermo and Vecchio (2002a)] is presented in Section 5.2.3. Figure 5-20a presents the wall 
geometry for wall DP1 constructed using ABAQUS/CAE. Wall DP1 was tested using a 
displacement controlled loading protocol that was applied quasi-statically. Lateral load was 
transferred to the wall through the top slab using two hydraulic jacks. As illustrated by the 
horizontal arrows in Figure 5-20a, lateral load is modeled at the mid-height of the top slab using 
nodal displacement boundary conditions. The axial load on the wall is simulated by defining an 
equivalent pressure at the upper surface of the top slab (vertical arrows in Figure 5-20a). The 
orange symbols below the wall foundation represent the fixed boundary conditions imposed on 
the model. The specimen was clamped to the laboratory strong floor using post-tensioned bolts 
designed to prevent rocking of the wall. Figure 5-20b illustrates the reinforcement model 
constructed in ABAQUS/CAE for wall DP1. As seen in the figure, the reinforcement was  
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Figure 5-18 Load-displacement relationships for wall S4 obtained using mesh-1 and mesh-2 

with ψ  = 55 

 
Figure 5-19 Load-displacement relationships for wall S9 obtained using mesh-1 and mesh-2 

with ψ  = 55 
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represented discretely in the analyses. 

For wall DP1, the uniaxial stress-strain relationship in compression was reported by Palermo and 
Vecchio (2002a) so was used in the analysis. The parameters that are associated with tensile 
behavior of concrete are adopted from the empirical model introduced in Section 5.3.2. Palermo 
and Vecchio (2002a) did not report uniaxial tensile strength of concrete ( tf ′ ) therefore, Equation 
5-6 is used to calculate this parameter. Poisson’s ratio for concrete was set equal to 0.18. 

The two parameters associated with the yield function, 0 0/b cσ σ  and cK , are assumed to be 1.16 
and 0.67. The assumed values are the defaults set by the software and within the range provided 
by Lubliner et al. (1989). The eccentricity (ε ) parameter associated with the flow potential is 
assumed to be 0.1, for the reason given previously. The effect of the dilation angle, on the finite 
element results is investigated parametrically. 

The wall reinforcement, which consisted of D6 and D30 rebars, is modeled as an elasto-plastic 
material with isotropic hardening. The experimental uniaxial stress-strain relationships reported 
by Palermo and Vecchio (2002a) are used to define the material parameters for reinforcement (i. 
e., modulus of elasticity, yield stress, variation of post-yield stress with equivalent plastic 
strains). Poisson’s ratio for steel was set equal to 0.30. 

Wall DP1 is analyzed using two different meshes, mesh-1 and mesh-2, which are illustrated in 
Figure 5-20c and Figure 5-20d, respectively. In mesh-1, the web of the wall consisted of 345 
brick elements (15 x 23) and each flange consisted of 300 brick elements (15 x 20). The primary 
objective of mesh-1 is to include reinforcement (modeled discretely) within each solid element to 
maintain a uniform distribution of reinforcement in the solid elements that represent concrete. 
Therefore, the number of elements to be used along the height and the length of the wall web and 
flanges were determined based on the reinforcement spacings. Only one element was used 
through the thickness of the web and flanges therefore two rebars were embedded in each solid 
element. In mesh-2, the web of the wall consisted of 1380 brick elements (30 x 46) and each 
flange consisted of 1200 brick elements (30 x 40). The top slab and the foundation consisted of 
1600 elements (20 x 20 x 4) in mesh-1 and mesh-2. The top slab and foundation meshes were not 
refined since these components remain mostly elastic in the analyses. The reinforcement in the 
web and flanges of the wall is redistributed into each solid element in mesh-2; the total areas of 
the reinforcement are those of the test specimens. 

The brick elements that simulate concrete behavior in ABAQUS finite element analyses are 8-
node linear, fully integrated, hexagonal elements (C3D8). The wall reinforcement is modeled 
discretely using the reported reinforcement scheme and meshed using 2-node linear truss 
elements (T3D2). Full bond between concrete and reinforcement is assumed. This behavior is 
modeled using the embedded elements constraint in ABAQUS. The top beam-wall web and 
foundation-wall web interfaces are modeled using a tie constraint, which constraints the 
displacement of the translational degrees of freedoms on the tied surfaces to be equal. 

Figure 5-21 presents lateral load-displacement relationships for wall DP1 obtained using values 
of the dilation angle ranging between 15 and 55. In the figure, the curve that represents the 
“experiment” is a backbone curve obtained from the reported cyclic lateral load-displacement 
relationship for wall DP1 (see Figure 5-9). Figure 5-21 shows that the analytical response of wall 
DP1 computed using ABAQUS varies significantly with the dilation angle parameter in the 
inelastic range. It can be observed in Figure 5-21 that experimentally measured elastic wall 
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a) ABAQUS model for wall DP1 b) Reinforcement scheme for wall DP1 

c) Mesh-1 d) Mesh-2 

Figure 5-20 ABAQUS models used to simulate the response of wall DP1 

stiffness and the analytically calculated value are in good agreement, which indicates that the 
boundary conditions and loads are successfully simulated in the finite element model. The 
backbone load-displacement from the experimental data is best captured by the model with a 
dilation angle of 55 degrees and the predicted response becomes less accurate as dilation angle is 
reduced. The analysis conducted with a dilation angle of 55 degrees is used for further 
comparisons with the experimental response. 

Table 5-3 lists various experimentally measured and predicted responses for wall DP1. Response 
parameters RP1 through RP4 are associated with the global response of wall DP1. Comparison 
of the calculated and experimental values for RP1 through RP4 shows that the finite element 
model accurately simulates the global experimental response of wall DP1. Parameters RP5 
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Figure 5-21 Predicted load-displacement relationships for DP1 as a function of ψ  

Table 5-3 Comparison of predicted and experimental response parameters for wall DP1 
and ψ  = 55 

ID Response parameter Experiment 
(Exp) 

Finite element 
analysis (FEA) 

FEA
Exp

 

RP1 Peak shear strength 1300 kN 1299 kN 1.00 

RP2 Displacement at peak shear strength  11.0 mm 10.6 mm 0.97 

RP3 Displacement at shear strength equal to 
80% of the peak (pre-peak region) 5.5 mm 4.9 mm 0.89 

RP4 Displacement at shear strength equal to 
80% of the peak (post-peak region) 13.5 mm 13.0 mm 0.97 

RP5 Displacement at initiation of yielding in 
horizontal web reinforcement 11.6 mm 11.1 mm 0.96 

RP6 Maximum strain recorded in vertical web 
reinforcement 

0.00190 @ 14 
mm 

 0.00228 @ 15 
mm 1.20 

RP7 Maximum strain recorded in vertical 
flange reinforcement 

0.00218 @ 12 
mm 

0.00293 @ 15 
mm 1.34 
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through RP7 in Table 5-3 are associated with reinforcement response. As indicated in Section 
5.2.3, only the horizontal web reinforcement experienced inelastic strains. The vertical web and 
flange reinforcement remained elastic throughout the experiment at the locations of the gages. 
Response data for RP5 through RP7 reveal that the experimental response of reinforcement was 
captured reasonably using the ABAQUS model. Similar to that observed in the experiment, 
yielding was observed only in the horizontal web reinforcement in the finite element model. 

Figure 5-22 presents the predicted load-displacement relationships for wall DP1 obtained using 
mesh-1 and mesh-2. The response computed using mesh-2 is more flexible than that using mesh-
1 although the differences are minor. The peak shear strengths obtained using mesh-1 and mesh-
2 are similar. 

 
Figure 5-22 Predicted load-displacement relationships for wall DP1 with mesh-1 and mesh-

2 

5.4 VecTor2 Models 

5.4.1 General 

VecTor2 uses Modified Compression Field Theory (MCFT) [Vecchio and Collins (1986)] and 
Disturbed Stress Field Model (DSFM) [Vecchio (2000)] to simulate behavior of reinforced 
concrete. The major difference between the two models is that DSFM incorporates slip 
deformation in crack surfaces within its formulation, and as a result, the alignment of the 
directions of principal stresses and strains is no longer enforced. Explicit calculation of the crack 
slip deformations in DSFM eliminates the necessity of a crack shear check used with MCFT 
formulation. Vecchio et al. (2001) concludes that DSFM performs better than MCFT under 
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certain circumstances (i.e., for panels and beams without transverse reinforcement, for heavily 
reinforced panels subjected to biaxial compression) but also notes that the difference between the 
predictions of the two algorithms is generally minor. 

Herein, finite element analyses on reinforced concrete squat walls are conducted using both 
algorithms. The calculation of slip deformations within the DSFM algorithm is undertaken using 
the model proposed by Lai (2001). Appendix B provides detailed information on the MCFT and 
DSFM formulations. 

5.4.2 Modeling Assumptions 

VecTor2 includes a list of constitutive models to represent the behavior of reinforcement and 
concrete. This section presents a discussion of the constitutive models selected for the analyses. 
Unless mentioned otherwise, the selected model is a default in the software. 

VecTor2 does not accommodate a user-supplied curve to represent the compressive response of 
concrete but rather includes various formulations for compressive response. The software allows 
use of different concrete models to model the pre- and post-peak ranges of compressive behavior 
of concrete. In this study, the same concrete model is used to represent the pre- and post-peak 
response of concrete in compression (choosing base curve option in the software). Two widely 
used concrete models are used to simulate the compressive response, namely, Popovics (NSC) 
model [Popovics (1973)] and the Smith-Young model [Smith and Young (1956)]. The software 
defaults to represent the pre- and post-peak compressive response are the Hognestad parabola 
and the Modified Park-Kent model [Park et al. (1982)], respectively. The Vecchio 1992-A model 
[Vecchio and Collins (1993)] is used to simulate the compression-softening behavior of concrete. 
This model accounts for reduction in both the uniaxial compressive strength of concrete and the 
corresponding strain to compute the softened response of concrete as a function of the transverse 
tensile strains. Tension-stiffening effects, which represent the tensile stresses in concrete between 
the cracks that exist due to the interaction of concrete and reinforcement, are simulated using the 
Modified Bentz model [Vecchio (2000)]. Another model associated with tensile behavior of 
concrete is called tension-softening that represents the behavior of plain concrete following 
initiation of cracking. In VecTor2, this behavior is simulated as a linear descending branch using 
fracture energy ( fG ). In VecTor2, the tensile post-cracking stress of an element is determined 
using the larger of the stresses provided from the tension-stiffening and tension-softening models 
for a given strain. The Kupfer-Richart model [Vecchio (1992)] is used to simulate the strength 
enhancement in concrete in compression due to confinement. The Variable-Kupfer model 
[Vecchio (1992)] is used to represent the dilatational characteristics of concrete. The rate of 
lateral expansion in concrete increases as a result of micro-cracking as compressive strains 
increase and the model increases the Poisson’s ratio as a nonlinear function of compressive strain 
to simulate such behavior. Even though the MCFT and DSFM algorithms in VecTor2 are 
formulated assuming plane stress, the software is capable of incorporating confinement effects 
under triaxial stress conditions through modeling of out-of-plane reinforcement. The cracking 
stress for concrete is calculated using the Mohr-Coulomb stress model using an angle of friction 
of 37 degrees [Wong and Vecchio (2002)]. The use of the MCFT algorithm requires a crack 
shear check to ensure that local shear stresses at a crack do not exceed a maximum that is 
specified using a sliding shear failure. The model proposed by Vecchio and Collins (1986), 
which is based on the work of Walraven (1981), is used to calculate the maximum permissible 
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shear stress at a crack. Another constraint related to crack formation is a check on concrete crack 
width. The compressive stresses in concrete are reduced when the calculated crack widths exceed 
the specified limit. Herein, the limit is set equal to 20% of the aggregate size (i.e., 2 mm for 10 
mm aggregate). The model proposed by Palermo and Vecchio (2002a), a non-default hysteresis 
model in VecTor2, is used to represent the hysteretic behavior of concrete. This is the only 
hysteresis model in the software that includes degradation of strength and stiffness in the 
reloading curves. The model proposed by Seckin (1981) is used to represent the hysteretic 
behavior of reinforcement. The model can simulate the strain hardening and Bauschinger effects, 
which are important characteristics associated with the behavior of steel reinforcement. The 
default (and only) model to simulate reinforcement buckling in VecTor2 is the Asatsu model. 
The utilization of the reinforcement buckling model requires discrete modeling of reinforcement 
and use of bond elements to define interaction between concrete and reinforcement [Wong and 
Vecchio (2002)]. Reinforcement buckling behavior is not considered in the analyses herein 
because 1) significant computational effort is required for cyclic analyses since it requires 
discrete modeling of reinforcement and modeling of bond elements between concrete and 
reinforcement, and 2) a validation study is not available regarding the implementation of the 
model into VecTor2 (to the author’s knowledge). Dowel resistance of reinforcement is modeled 
using the Tassios model [Wong and Vecchio (2002)]. This is the default (and only) model 
provided for dowel resistance. This model requires calculation of slip deformations using the 
DSFM algorithm therefore it is not associated with MCFT analyses. The dowel model is not 
included in the analyses to allow a direct comparison between the results obtained using the 
MCFT and DSFM formulations. 

Smeared reinforcement elements are used in all VecTor2 analyses. Such modeling is preferred to 
discrete models of reinforcement because smeared models require smaller computational effort. 
Further, squat reinforced concrete walls generally include uniformly distributed reinforcement in 
both orthogonal directions and it is convenient to model such rebar as smeared. The 
displacement compatibility between reinforcement and concrete requires the assumption of 
perfect bond. The elements used in the analyses are four-node rectangular plane stress elements 
with linear strain fields. 

5.4.3 VecTor2 Modeling of Walls S4 and S9 

Four different finite element meshes (mesh-10x10, mesh-15x15, mesh-20x20, and mesh-25x25) 
are constructed for walls S4 and S9 to identify the sensitivity of the analysis results to element 
size. The mesh names indicate the number of mesh seeds used along the length and height of the 
wall web. A consistent approach is followed for the construction of meshes in the VecTor2 
analyses. The number of elements to be used for the smallest dimension of the wall web min( )d , 
the smaller of the wall height and wall length is selected first. The number of elements to be used 
in the orthogonal direction is then established by maintaining the element aspect ratio around 1.0. 
Herein, element aspect ratio is defined as the ratio of the larger dimension of an element to its 
smaller dimension. For walls S4 and S9, the web geometry is approximately square (1.18 m 
high, 1.20 m long), therefore using the same number of elements along the height and length of 
the web provides an element aspect ratio of around 1.0. The meshes for the topbeam and the 
foundation are determined following the mesh seeds of the wall web and limiting the maximum 
aspect ratio for an element to 1.5. Figure 5-23 illustrates the mesh-10x10 and mesh-20x20 for 
walls S4 and S9. Application of the translational boundary conditions and experimental lateral  



110 

a) Mesh-10x10 b) Mesh-20x20 

Figure 5-23 Example meshes used to model walls S4 and S9 

and axial forces on the finite element meshes are also shown. Note that mesh-20x20 is an h-
refinement over mesh-10x10. 

Figure 5-24 through Figure 5-27 present the load-displacement relationships obtained for wall S9 
using mesh-10x10, mesh-15x15, mesh-20x20, and mesh-25x25, respectively. Each figure 
includes four load-displacement relationships generated using one of the two formulations, 
MCFT and DSFM, and one of the two models to represent the compressive behavior of concrete, 
Smith-Young and Popovics (NSC). A comparison of the finite element analysis results presented 
in Figure 5-24 through Figure 5-27 for wall S9 reveals that, 

• The difference between the responses obtained using MCFT and DSFM formulations for 
the same concrete model is minor for all four meshes. The peak shear strengths are 
achieved at lower displacements for the DSFM formulation. 

• The responses obtained using the Smith-Young and Popovics concrete models for the 
same formulation differ significantly, especially in the post-peak range. For all four 
meshes, the load-displacement relationships obtained using the Smith-Young model 
experience a sudden loss of shear strength at a displacement less than the experimentally 
measured displacement at peak shear strength. Therefore, post-peak shear strength is 
underestimated for all four meshes by the Smith-Young model. The most accurate 
prediction involving the Smith-Young model is obtained with mesh-10x10 and the 
MCFT formulation (see Figure 5-24). On the other hand, the load-displacement 
relationships obtained using the Popovics model exhibit a gradual loss of lateral strength 
following peak strength, which matches better the experimental data than the Smith-
Young model. 
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Figure 5-24 Predicted load-displacement relationships for wall S9 obtained using mesh-

10x10 

 
Figure 5-25 Predicted load-displacement relationships for wall S9 obtained using mesh-

15x15 
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Figure 5-26 Predicted load-displacement relationships for wall S9 obtained using mesh-

20x20 

 
Figure 5-27 Predicted load-displacement relationships for wall S9 obtained using mesh-

25x25 



113 

• The experimental peak shear strength is consistently overpredicted using mesh-10x10. 
The best predictions of the experimental results are obtained using mesh-15x15 with the 
DSFM formulation and mesh-20x20 with the MCFT formulation as seen in Figure 5-28, 
which presents load-displacement relationships obtained using Popovics concrete for the 
four mesh types considered. The response calculated using mesh-25x25 underestimates 
the measured displacement at peak shear strength. 

 
Figure 5-28 Predicted load-displacement relationships for wall S9 obtained using the 

Popovics concrete model 

• The experimentally measured elastic stiffness is overestimated by the VecTor2 finite 
element models. However, as noted in Section 2.3.1, measurements of elastic stiffness 
can be affected significantly by a number of factors, including instrumentation resolution 
and shrinkage cracking, all of which would have to be eliminated to enable a comparison 
of results from experimentation and numerical simulation. 

Figure 5-29 presents the cracking pattern for wall S9 at the end of the testing and Figure 5-30 
presents the corresponding cracking pattern obtained VecTor2. The cracking patterns are in 
reasonable agreement. Wall S9 started to lose its lateral resistance as the diagonal corner-to-
corner cracks propagated into the compressive toe of the wall as seen in Figure 5-29. A similar 
failure mode is captured using VecTor2. Vertical cracks and significant deformations near the 
compression toe are marked using a red rectangular box in Figure 5-30. 

Table 5-4 presents experimentally measured and analytically predicted (mesh-20x20, Popovics 
concrete, MCFT) values for various response parameters. Of the response parameters considered 
here, the largest difference between the measured and calculated value is observed for the 
displacement at first yielding of vertical reinforcement. The reinforcement strains were not  
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Figure 5-29 Cracking pattern for wall S9 at the end of the testing (14.7 mm displacement, 

1.22% drift) 

 
Figure 5-30 Cracking pattern predicted for wall S9 (Mesh-20x20, MCFT, Popovics 

concrete, 5x magnification) at 1.22% drift 
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Table 5-4 Experimentally measured and analytically predicted (mesh-20x20, MCFT, 
Popovics) response parameters for wall S9 

ID Response parameter Experiment 
(Exp) 

Finite element 
analysis (FEA) 

FEA
Exp

 

RP1 Peak shear strength 342 kN 334 kN 0.98 

RP2 Displacement at shear strength equal to 
80% of the peak (pre-peak region) 4.1 mm 2.9 mm 0.69 

RP3 Displacement at peak shear strength  9.1 mm 7.8 mm 0.86 

RP4 Displacement at shear strength equal to 
80% of the peak (post-peak region) 12.6 mm 13.2 mm 1.05 

RP5 Displacement at initiation of yielding in 
vertical reinforcement ≤ 6.2 mm 4.0 mm 0.65 

RP6 Horizontal expansion at the mid-height 
the wall at peak shear strength 1.6 mm 1.9 mm 1.19 

reported at each load step in the experiment. Therefore, the experimental value used for the 
lateral displacement at first yielding of vertical reinforcement should be interpreted as less than 
or equal to 6.2 mm. 

The finite element analysis results presented in this section for wall S9 indicate that mesh 
structure and selected concrete model plays a significant role in predicting the response of squat 
reinforced concrete walls using VecTor2. Another factor that affects the calculated response 
using VecTor2 is the choice of formulation type (MCFT or DSFM). Interestingly, for wall S9, 
the DSFM formulation better simulates the experimental response for mesh-15x15 but the MCFT 
formulation better simulates the experimental response for mesh-20x20. Considering the 
responses calculated for all four meshes, it is not clear which formulation is best for the analysis 
of squat reinforced concrete walls. Nevertheless, it is concluded that use of a mesh that includes 
between 15 to 20 elements along the short dimension of a squat wall min( )d  is appropriate for 
modeling of these structures using VecTor2. The results obtained using the Popovics model in 
general matched the experimental results better than those obtained using the Smith-Young 
model; the differences in the predictions of the two concrete models in the post-peak shear range 
is significant. Accordingly, only the Popovics model is used for further VecTor2 analysis. 

Figure 5-31 presents the load-displacement relationships for wall S4 obtained using the Popovics 
concrete model with MCFT and DSFM formulations, and for different meshes. As seen in the 
figure, the experimental response is best simulated using mesh-15x15 and DSFM formulation. 
That said, the difference between the predictions using the MCFT and DSFM formulations is 
minor. The experimental peak shear and the post-capping stiffness3 are overestimated using 
mesh-10x10 and underestimated using mesh-20x20 and mesh-25x25. However, the data of 
Figure 5-31 show that the peak shear strengths predicted using mesh-15x15, mesh-20x20 and 
mesh-25x25 are very close. 

 
                                                 
3 Post-capping stiffness is stiffness of the wall following the attainment of the peak shear strength. 
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Figure 5-31 Load-displacement relationships for wall S4 obtained using the Popovics 

concrete model 

Figure 5-32 presents the cracking pattern for wall S4 at the end of the testing and Figure 5-33 
presents the corresponding cracking pattern predicted using VecTor2. In the experiment, the loss 
of lateral strength was due to concrete crushing in the compression toe of the wall as seen in 
Figure 5-32. The damage in the compression toe is simulated well using VecTor2 as shown in 
Figure 5-33. The predicted and the reported cracking patterns agree reasonably except that the 
predicted flexural cracks are more concentrated (wider) near the base of the wall web. The 
reported cracking pattern also includes several near-horizontal flexural cracks near the wall base 
but the widths of the cracks appear similar. 

Table 5-5 presents experimentally measured and analytically predicted (mesh-15x15, Popovics 
concrete, DSFM) values for various response parameters. For the response parameters 
considered, the largest difference is between RP2 and RP5 but the overall agreement between the 
experimental and predicted response is reasonable. Note that strains in the reinforcement were 
not reported at each load step and the experimental value used for the displacement at first 
yielding of vertical reinforcement should be interpreted as less than or equal to 5.4 mm. 

The finite element analysis results presented for wall S4 support a similar conclusion drawn from 
the finite element analysis of wall S9, namely, the choice of mesh can play a significant role in 
predicting the response of squat reinforced concrete walls using VecTor2. The results obtained 
using mesh-15x15 are in good agreement with the experimental data for walls S4 and S9, both of 
which have an aspect ratio of approximately 1.0. Although the effect of the formulation type 
(MCFT vs. DSFM) on the predicted response is less significant, finite element results are 
reported for each formulation type. 
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Figure 5-32 Cracking pattern for wall S4 at the end of the testing (18.5 mm displacement, 

1.55% drift) 

 
Figure 5-33 Cracking pattern predicted for wall S4 (Mesh-15x15, DSFM, Popovics 

concrete, 5x magnification) at 1.55% drift 
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Table 5-5 Experimentally measured and analytically predicted (mesh-15x15, DSFM, 
Popovics-NSC) response parameters for wall S4 

ID Response parameter Experiment 
(Exp) 

Finite element 
analysis (FEA) 

FEA
Exp

 

RP1 Peak shear strength 392 kN 388 kN 0.99 

RP2 Displacement at shear strength equal to 
80% of the peak (pre-peak region) 4.7 mm 3.1 mm 0.66 

RP3 Displacement at peak shear strength  11.4 mm 9.2 mm 0.80 

RP4 Displacement at shear strength equal to 
80% of the peak (post-peak region) 16.0 mm 16.1 mm 1.01 

RP5 Displacement at initiation of yielding in 
vertical reinforcement ≤ 5.4 mm 3.6 mm 0.67 

RP6 Horizontal expansion at the mid-height 
the wall at peak shear strength 0.7 mm 0.6 mm 0.86 

5.4.4 VecTor2 Model for Walls LSW1, LSW2, and LSW3 

Figure 5-34 presents the finite element mesh used to analyze wall LSW1, LSW2, and LSW3 in 
VecTor2. The lateral load is applied near the center of the top beam on two nodes as illustrated 
by the red arrows in Figure 5-34. The axial force on wall LSW3 is distributed to 10 nodes at the 
mid-height of the top beam as shown using blue arrows in Figure 5-34. Translational restraints 
are imposed on the bottom nodes of the wall foundation to simulate the fixed boundary 
condition. For walls LSW1, LSW2 and LSW3, square elements of 80 mm by 80 mm are used to 
mesh the wall web. This element size corresponds to 1/15 of the smallest wall dimension min( )d . 
The walls have an aspect ratio of 1.0 and therefore min w wd h l= = . A total of 225 elements are 
used to mesh the wall web; 145 elements are used in the foundation mesh and 76 elements are 
used in the top beam mesh. The first three elements from each side of the wall web (colored gray 
in Figure 5-34) are used to model the boundary elements of the web that are reinforced using 
stirrups. Two analyses, one using the MCFT formulation and the other using the DSFM 
formulation, are performed for each wall; the Popovics concrete model is used for all analyses. 

Figure 5-35 and Figure 5-36 present the load-displacement relationships for wall LSW1 obtained 
using the MCFT and DSFM algorithms, respectively. The response obtained using each 
formulation adequately simulates the experimental results. 

The major difference between the predictions of the MCFT and DSFM formulations is the 
simulation of the pinched region of the experimental load-displacement relationship. As seen in 
Figure 5-35, the experimentally measured pinching is overestimated using the MCFT 
formulation whereas the DSFM formulation better simulates the pinched region. The rate of 
degradation in strength following the cycle to peak shear strength is underpredicted by both 
formulations. 
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Figure 5-34 Finite element mesh used for VecTor2 finite element analysis of walls LSW1, 

LSW2, and LSW3 (walls LSW1 and LSW2 were tested without axial loading) 

 
Figure 5-35 Predicted load-displacement relationship for wall LSW1 obtained using MCFT 

formulation 
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Figure 5-36 Predicted load-displacement relationship for wall LSW1 obtained using DSFM 

formulation 

Table 5-6 presents measured and VecTor2-computed values for selected response parameters 
associated with wall LSW1. As seen in Table 5-6, the experimental peak shear strength is 
overestimated by 7% and 8% using the MCFT and DSFM formulations, respectively. Each 
formulation overestimates slightly the displacement at peak shear strength. The load-
displacement relationships predicted by VecTor2 in Figure 5-35 and Figure 5-36 reproduce well 
the rate of strength degradation (as measured by the slope of the backbone curve) at 
displacements greater than that at the peak shear strength but do not match the experimental 
results, in part because the peak shear strength is overestimated. The total dissipated energy in 
the positive and negative loading directions4 is underestimated by each formulation. Figure 5-37 
presents the variation of cumulative dissipated energy computed using experimental data and 
VecTor2 with number of displacement excursions for wall LSW1. As seen in the figure, the 
energy dissipation computed using VecTor2 is less than that computed using the experimental 
data in the early excursions (1~10), which correspond to the displacement cycles at or before the 
attainment of peak shear strength. In the remaining displacement cycles, the dissipated energies 
are close as revealed by similar slopes of the curves in Figure 5-37. Although the dissipated 
energy estimations of MCFT and DSFM are very close in excursions 1 to 10, the DSFM 
estimation of the dissipated energy is more accurate than the MCFT estimation in an overall 
sense. 

                                                 
4 The total dissipated energy in the positive and negative loading directions is calculated by adding the areas under 
each displacement cycle of the corresponding loading directions. The digital load-displacement relationships 
provided by the experimenter are used for the calculations. The calculations are performed using MATLAB [The 
MathWorks, Inc. (2006)]. 
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Table 5-6 Experimentally measured and analytically predicted response parameters 
associated with wall LSW1 

ID Response parameter Exp MCFT 
MCFT

Exp DSFM 
DSFM

Exp

RP1 Peak shear strength 265 kN 283 kN 1.07 285 kN 1.08 

RP2 Displacement at peak shear 
strength  6.0 mm 7.3 mm 1.21 7.0 mm 1.16 

RP3 Total dissipated energy in the 
positive loading direction 

9488 kN-
mm 

6902 kN-
mm 0.73 7327 kN-

mm 0.77 

RP4 Total dissipated energy in the 
negative loading direction 

8792 kN-
mm 

6978 kN-
mm 0.79 7476 kN-

mm 0.85 

 
Figure 5-37 Experimental and analytical cumulative dissipated energy variation with 

number of excursions for wall LSW1 

To identify the impact of mesh refinement on the analytical predictions of cyclic response, wall 
LSW1 was re-analyzed using an h-refined mesh and the DSFM algorithm. The initial mesh 
(mesh-1) included 225 elements in the wall web; the refined mesh (mesh-2) includes 900 
elements. The load-displacement relationships are presented in Figure 5-38. The calculated 
responses for mesh-1 and mesh-2 are very similar up to the point of peak shear strength. 
Thereafter, the predicted response using mesh-2 exhibits a sudden loss of shear strength at a 
displacement of 8 mm whereas the response predicted using mesh-1 does not and is in better 
agreement with the experimental data (see Figure 5-36). The effect of mesh refinement under  
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Figure 5-38 Analytical load-displacement relationship for wall LSW1 obtained using the 

mesh-1 and mesh-2 (DSFM formulation) 

cyclic loading conditions is similar to that observed under monotonic loading (see Section 5.4.3), 
namely, a) pre-peak and peak shear strength responses are only affected modestly by mesh size, 
and b) the effect of element size is more pronounced in the post-peak shear strength (or post-
capping stiffness) region of the response. 

Figure 5-39 and Figure 5-40 present the load-displacement relationships for wall LSW2 obtained 
using the MCFT and DSFM formulations, respectively. Table 5-7 presents values that 
characterize the response of LSW2. Both formulations predict the experimental peak shear 
strength and the displacement at peak shear strength to within 6%. Similar to that observed for 
wall LSW1, the DSFM formulation better captures the pinching in the experimental load-
displacement relationship. Each formulation underpredicts the total dissipated energy in both the 
positive and negative loading directions. Nevertheless, the total dissipated energy calculated 
using the DSFM formulation is higher than that calculated using MCFT formulation. Figure 5-41 
presents the variation of cumulative dissipated energy computed using experimental data and 
VecTor2 with number of displacement excursions for wall LSW2. Similar to that observed for 
wall LSW1, the VecTor2 predictions underestimate those computed using the experimental data 
in the early excursions (1 to 9) in both negative and positive directions. Excursions 1 to 9 are 
displacement cycles up to and including those corresponding to peak shear strength. In the 
following excursions (10 to 19), the dissipated energy is simulated well by the analytical models. 

Figure 5-42 and Figure 5-43 present the load-displacement relationships for wall LSW3 obtained 
using the MCFT and DSFM algorithms, respectively. Table 5-8 presents values for the response 
parameters for LSW2. Note that wall LSW3 is identical to wall LSW2 except that an axial force 
of 0.07 w cA f ′  was applied to wall LSW3. For wall LSW3, the experimental peak shear strength 
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Figure 5-39 Analytical load-displacement relationship for wall LSW2 obtained using the 

MCFT formulation 

 
Figure 5-40 Analytical load-displacement relationship for wall LSW2 obtained using the 

DSFM formulation 
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Table 5-7 Experimentally measured and analytically obtained response parameters 
associated with wall LSW2  

ID Response parameter Exp MCFT 
MCFT

Exp DSFM 
DSFM

Exp

RP1 Peak shear strength 192 kN 197 kN 1.03 202 kN 1.05 

RP2 Displacement at peak shear 
strength  4.9 mm 5.3 mm 1.06 5.3 mm 1.06 

RP3 Total dissipated energy in the 
positive loading direction 

7129 kN-
mm 

5780 kN-
mm 0.81 6133 kN-

mm 0.86 

RP4 Total dissipated energy in the 
negative loading direction 

7033 kN-
mm 

5798 kN-
mm 0.82 6433 kN-

mm 0.91 

 
Figure 5-41 Experimental and analytical cumulative dissipated energy variation with 

number of excursions for wall LSW2 

was measured at a lateral displacement of 4.7 mm in the positive loading direction; thereafter the 
lateral strength degraded. The analytical predictions did not capture this response and the lateral 
strength continued to increase up to a lateral displacement of 13.5 mm using each formulation. 
The backbone load-displacement response of walls LSW1 and LSW2 are predicted more 
accurately than the response of LSW3, which was tested with an imposed axial force. The 
difference between the predicted and experimental response for LSW3 could be attributed to 
either the VecTor2 formulations and/or experimental control associated with the application of 
axial loading.  
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Figure 5-42 Analytical load-displacement relationship for wall LSW3 obtained using the 

MCFT formulation 

 
Figure 5-43 Analytical load-displacement relationship for wall LSW3 obtained using the 

DSFM formulation 
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Table 5-8 Experimentally measured and analytically obtained response parameters 
associated with wall LSW3 

ID Response parameter Exp MCFT 
MCFT

Exp DSFM 
DSFM

Exp

RP1 Peak shear strength 269 kN 273 kN 1.01 277 kN 1.03 

RP2 Displacement at peak shear 
strength  4.7 mm 13.5 mm 2.89 13.5 mm 2.89 

RP3 Total dissipated energy in the 
positive loading direction 

22453 
kN-mm 

20464 
kN-mm 0.91 20905 

kN-mm 0.93 

RP4 Total dissipated energy in the 
negative loading direction 

17936 
kN-mm 

19241 
kN-mm 1.07 19180 

kN-mm 1.07 

Figure 5-44 presents the variation of cumulative dissipated energy computed using experimental 
data and VecTor2 with number of displacement excursions for wall LSW3. The energy 
dissipated in the experiment was captured reasonably by both formulations. Note that the 
dissipated energies calculated using the DSFM and MCFT formulations are almost identical for 
wall LSW3. This was not the case for walls LSW1 and LSW2 since the dissipated energy 
calculated using the DSFM formulation is considerably higher than that calculated using the 
MCFT formulation. 

 
Figure 5-44 Experimental and analytical cumulative dissipated energy variation with 

number of excursions for wall LSW3 
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The load-displacement relationship of wall LSW3 exhibited significantly less pinching than 
those of walls LSW2 and LSW3 due to axial force being applied during the testing. Both 
formulations capture reasonably the pinched region in the experimental load-displacement 
relationship. 

As seen in Table 5-6 through Table 5-8 and Figure 5-35 through Figure 5-44, the global 
experimental responses of walls LSW1, LSW2, and LSW3 are reasonably captured using 
VecTor2. The peak shear strengths of the specimens are generally overpredicted but the 
percentage overprediction is small: less than 10%.The DSFM formulation generally provided a 
slightly higher peak shear strength than the MCFT formulation. The experimentally measured 
displacements at peak shear strength are reasonably captured by each formulation for walls 
LSW1 and LSW2. The corresponding values for wall LSW3, which was tested with an axial 
force, are significantly overpredicted by each formulation. The total energy dissipated in each 
experiment is generally underpredicted by each formulation with the DSFM formulation 
providing closer agreement. 

Figure 5-45 through Figure 5-47 present the analytically obtained (using DSFM) deformation 
fields and cracking patterns at final displacement cycles for walls LSW1, LSW2 and LSW3, 
respectively. As seen in Figure 5-5, the widest crack in each of walls LSW1 and LSW2 was 
observed near the bottom of the wall web. These cracks were horizontal and continuous along 
the length of the wall indicating a sliding shear failure. The damage in the wall web was modest 
in both walls and was limited to cracks that were inclined near the center of the wall web and 
approximately horizontal at the ends of the wall web. The deformed shapes and cracking patterns 
obtained using VecTor2 for walls LSW1 and LSW2 predict the widest cracks near the bottom of 
the wall web and that most of the lateral displacement was due to deformations that take place in 
this region. The simulated web cracks were inclined near the center and approximately horizontal 
at the ends of the wall web. The deformations in walls LSW1 and LSW2 are simulated with 
reasonable success by VecTor2. 

As seen in Figure 5-5, wall LSW3 failed in a different manner than walls LSW1 and LSW2, in 
part because they were not subjected to imposed axial load during the testing. For wall LSW3, 
the contribution of sliding deformation to the overall deformation at the end of the test was 
modest in comparison to those of LSW1 and LSW3. Wall LSW3 exhibited significant crushing 
in the bottom corners of the wall web (see Figure 5-5) due to increased compressive demands 
associated with the application of axial force. As seen in Figure 5-47, which presents the 
analytically predicted deformed shape for wall LSW3, sliding deformations do not dominate the 
deformed shape of wall LSW3. Also seen in this figure are significant deformations and vertical 
splitting cracks that take place in the compression toe of the wall. 

5.4.5 VecTor2 Model for Wall DP1 

The major challenge in modeling wall DP1 using VecTor2 is simulating the behavior of the wide 
flanges. VecTor2 uses a two dimensional formulation with plane stress elements. The wall 
flanges cannot be meshed in the out-of-plane direction and the effects of mechanisms such as 
shear lag on the wall response cannot be captured explicitly. The effective flange width (efw) 
analogy is used herein to simulate the behavior of wall DP1. Finite element analyses are 
undertaken for effective flange widths of 100%, 75%, 50%, 25%, and 0% of the original flange 
width. 
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Figure 5-45 Deformed shape (magnified by 10) and cracking pattern for wall LSW1 at 10.5 

mm lateral displacement obtained using the DSFM formulation  

 
Figure 5-46 Deformed shape (magnified by 10) and cracking pattern for wall LSW2 at 

11.25 mm lateral displacement obtained using the DSFM formulation 
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Figure 5-47 Deformed shape (magnified by 10) and cracking pattern for wall LSW3 at 17 

mm lateral displacement obtained using the DSFM formulation 

Figure 5-48 presents the wall geometry and finite element mesh used to model wall DP1. The 
web of the wall consists of 320 elements as a result of using 16 mesh seeds in the vertical 
direction and 20 mesh seeds in the horizontal direction. The flanges are modeled at each end of 
the wall web using 16 elements per flange. Effective flange widths are used to determine the 
thickness of these elements. The solid squares in Figure 5-48 represent the translational restraints 
used to simulate fixed boundary condition. The experimental axial force is simulated by 
imposing vertical nodal loads (15 x 80 kN = 1200 kN) on the top beam of the finite element 
model. The lateral load is simulated by imposing a horizontal displacement boundary condition 
at center of the top beam. 

The modeling decisions presented in Section 5.4.2 are adopted for the analysis of wall DP1. 
Analyses are performed using the MCFT formulation only since the difference in the predicted 
responses obtained using the MCFT and DSFM formulations were small in prior predictions. A 
uniaxial compressive stress-strain curve for concrete was reported for wall DP1 and compared 
with the concrete models used for VecTor2 analyses. (Such data was unavailable for the walls 
evaluated previously.) Figure 5-49 compares the reported compressive stress – strain curve with 
those calculated using the Popovics and Smith-Young models. The figure shows that the 
experimental stress-strain curve has the smallest post-capping stiffness of all three curves. The 
Smith-Young model matches the experimental curve better than the Popovics model. For this 
reason, the Smith-Young concrete model is also used for the finite element analysis of wall DP1. 
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Figure 5-48 VecTor2 mesh for wall DP1 

 
Figure 5-49 Comparison of experimental and analytical compressive strain-stress curves 

for wall DP1 
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Figure 5-50 presents the predicted load-displacement relationships for wall DP1 obtained using 
various effective flange widths and the Smith-Young concrete model. The figure shows that peak 
shear strength of the wall is significantly affected by variation of the effective flange width. 
Elastic stiffness and peak shear strength are significantly underestimated when the effective 
flange width is 0%, which is equivalent to a rectangular wall with no flanges5. The elastic 
stiffness is estimated best by an effective flange width of 100% but effective flange widths of 
25% and 50% give the best estimates for peak shear strength. Figure 5-51 presents the predicted 
load-displacement relationships for wall DP1 obtained using various effective flange widths and 
the Popovics concrete model. The peak shear strengths predicted using Popovics model are 
higher than those predicted using the Smith-Young model for equal effective flange widths. For 
the Popovics model, 25% effective flange width provides the best estimate for the peak shear 
strength. The elastic stiffness and the peak shear strength are significantly underestimated for an 
effective flange width of 0%. 

Vecchio (1998) investigated the response of NUPEC wall [Kitada et al. (1997)] using a two-
dimensional implementation of the MCFT formulation. Note that the geometry of the NUPEC 
wall and wall DP1 are similar. Vecchio (1998) concluded that the best estimates of the peak 
shear strength were obtained when assuming effective flange widths between 67% and 100% of 
the original flange width. This results provided herein do not agree with this conclusion. 

 
Figure 5-50 Predicted load-displacement relationships for wall DP1 obtained using Smith-

Young concrete and various effective flange widths (efw) 

 
                                                 
5 Note that the widely used peak shear strength procedures evaluated in Chapter 4 do not account for the effect of 
boundary elements to calculate peak shear strength. 



132 

 
Figure 5-51 Predicted load-displacement relationships for wall DP1 obtained using 

Popovics (NSC) concrete and various effective flange widths (efw) 

The following conclusions can be drawn from the finite element analyses of DP1 using VecTor2, 

• The predicted response obtained using the Popovics and Smith-Young models are 
significantly different. The optimum effective flange widths obtained by the two concrete 
models vary. 

• The elastic stiffness of the wall is estimated best assuming fully effective flanges (100%). 

• An effective flange width of 25 to 50% provides the best estimate of peak shear strength. 

Considering these observations, the computation of the response of squat walls with wide flanges 
using VecTor2 should be made with care. 

5.5 Finite Element Modeling of Walls with Boundary Elements 
Using VecTor2 

The analyses presented in Section 5.4 showed that VecTor2 can predict successfully the response 
of squat rectangular walls but identified some issues regarding the use of 2-D formulations to 
predict the response of a wall with wide flanges. Wall DP1 modeled in Section 5.4.5 included 
wide flanges (flange width = 1.5 ×  wall height) and the peak shear strength of the wall was 
overestimated using VecTor2. A large number of barbell and flanged walls are modeled in this 
section using VecTor2 to further address the issue of boundary element effectiveness in squat 
wall response. Sections 5.5.1 and 5.5.2 present the VecTor2 analysis results for flanged and 
barbell walls, respectively. 
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The modeling assumptions listed in Section 5.4.2, the Popovics concrete model and the MCFT 
formulation are used for the VecTor2 analyses of Sections 5.5.1 and 5.5.2. Mesh details for the 
modeled walls are presented in the corresponding sections. 

5.5.1 VecTor2 Analyses for Squat Walls with Flanges 

A brief summary of the fifteen squat flanged walls modeled using VecTor2 is presented in Table 
5-9. In Table 5-9 (and Table 5-11), fb  is the boundary element width, fh  is the boundary 
element thickness, wt  is the web thickness, wl  is the wall length, wh  is the wall height, N  is the 
axial force on the wall calculated using both the externally applied force and force due to self-
weight of the top beam, A  is the total wall area, hρ  is the horizontal web reinforcement ratio, vρ  
is the vertical web reinforcement ratio, and beρ  is the boundary element reinforcement ratio. 

The geometry of the NUPEC wall [Kitada et al. (1997)] is very similar to wall DP1 tested by 
Palermo and Vecchio (2002a), and the analysis results for this wall can be compared directly to 
those obtained in Section 5.4.5 for wall DP1. Note the mesh adopted for wall DP1 is used to 
analyze the NUPEC wall. All six Seki et al. (1995) walls in the database are modeled because 
they include relatively wide flanges and the program varies two crucial parameters that are 
known to effect the squat wall response, namely, aspect ratio and axial load. Of the twenty-two 
Sato et al. (1989) walls in the squat wall database, the four with the highest /f wb h  ratio are 
modeled using VecTor2. The selected experiments are relatively large-scale simulations. More 
information on these walls can be found in the squat wall database presented in Appendix A. 

As seen in Table 5-9, the all Maier walls (S1, S2, S3, and S6) have identical geometry and the 
same mesh structure is used for all. A total of 400 elements is used to mesh the wall web and 
flanges by using the same number of elements (20) along the height and length of the walls, 
since the aspect ratio of Maier walls is approximately 1.0. With this mesh structure, the first two 
rows of elements on each side of the walls represent the wall flanges as shaded yellow in Table 
5-9. This mesh structure predicts the peak shear strength of rectangular Maier walls (S4 and S9) 
with reasonable accuracy (see Section 5.4.3). Since the predicted peak shear strength is not 
significantly affected by mesh size, only one relatively fine mesh is used for predictions. 

The aspect ratios of the Sato and Seki walls modeled herein are less than 1.0. For these walls, 
twenty elements are used along the height of the walls and the number of elements used along 
the wall length is determined by using approximately square elements. 

Table 5-10 presents the experimental ( peakV ) and predicted ( _peak FEV ) peak shear strengths for the 
squat flanged walls modeled using VecTor2. The data of Table 5-10 shows that the experimental 
peak shear strength of squat flanged walls can be predicted with reasonable accuracy using 
VecTor2 even for walls with flanges as wide as the wall height. This is an important conclusion 
because it reveals that flanges significantly contribute to peak shear strength of squat walls. If 
flange effectiveness in contributing the peak shear was questionable, significant overestimations 
of the peak shear strength would be expected using VecTor2, which employs a 2-D finite 
element algorithm. The most significant overestimations of the experimental peak shear strength 
are observed for walls with very wide flanges, namely, walls U-1 and DP-1. The flange widths 
for these walls are approximately equal to 1.5 times the wall height. As noted in Section 5.4.5,  
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the response of such walls requires further investigation and more experimental data is needed to 
assess their performance. 
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Figure 5-52 VecTor2 mesh for walls S1, S2, S3 and S6 tested by Maier and Thürlimann 

(1985) 

Table 5-10 Comparison of experimental ( peakV ) peak shear strengths to those predicted 
using VecTor2 ( _peak FEV ) for squat flanged walls 

Program 
ID Wall ID /f wb h peakV  

(kN) 
_peak FEV  

(kN) 
_peak FE

peak

V
V

 

S1 0.33 680 688 1.01 
S2 0.33 928 994 1.07 
S3 0.33 977 995 1.02 

Maier 

S6 0.33 667 618 0.93 
Palermo DP1 1.51 1298 1572 1.21 
NUPEC U-1 1.48 1638 1855 1.13 

RA-00P 1.06 1474 1579 1.07 
RA-15P 1.06 1672 1737 1.04 
RB-00P 0.74 1265 1337 1.06 
RB-15P 0.74 1465 1499 1.02 
RC-00P 0.57 1032 1056 1.02 

Seki 

RC-15P 0.57 1170 1228 1.05 
24M6-30 1.0 2100 2129 1.01 
24M6-40 1.0 2190 2179 0.99 
36M6-30 1.0 2250 2391 1.06 

Sato 

36M6-40 1.0 2370 2460 1.04 
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5.5.2 VecTor2 Analyses for Squat Walls with Barbells 

A brief summary of the twenty-three barbell walls modeled using VecTor2 is presented in Table 
5-11. The selected walls constitute a large experimental program on squat barbell walls and were 
documented in AIJ (1985a), AIJ (1986c), and AIJ (1985b). The variables considered in the 
experimental program were aspect ratio (via wall height), boundary element vertical 
reinforcement ratio, web reinforcement ratios, axial force, and cf ′ . These walls are selected for 
modeling because they include relatively large barbells with a ratio of the total barbell area to 
total wall area of 0.57. All 22 walls had the same wall cross-section. Of the 22 walls modeled, 16 
had an aspect ratio of 0.46, three had an aspect ratio of 0.28, and three had an aspect ratio of 
0.63. 

Table 5-11 Squat barbell walls modeled using VecTor2 

Program 
ID 

Wall 
ID 

fb  
(mm) 

fh  
(mm) 

wt  
(mm)

wl  
(mm)

w

w

h
l

 
t c

P
A f ′

 

(%) 

hρ  
(%) 

vρ  
(%) 

beρ  
(%) 

cf ′  
(MPa)

1 300 300 80 2300 0.46 5.8 1.20 1.20 1.04 34.0 
3 300 300 80 2300 0.46 5.0 0.80 0.80 1.04 39.7 
4 300 300 80 2300 0.46 5.9 1.60 1.60 1.44 33.6 
5 300 300 80 2300 0.46 5.7 2.00 2.00 1.76 34.6 
6 300 300 80 2300 0.46 12.4 1.20 1.20 1.04 31.8 
7 300 300 80 2300 0.28 6.0 1.20 1.20 1.04 33.0 

Chiba 

8 300 300 80 2300 0.63 5.9 1.20 1.20 1.04 33.4 
2 300 300 80 2300 0.46 6.8 0.60 0.60 1.04 29.1 
3 300 300 80 2300 0.46 6.7 0.80 0.80 1.04 29.6 Yagishita 
6 300 300 80 2300 0.46 0.1 1.20 1.20 1.04 28.7 
1 300 300 80 2300 0.46 5.6 0.00 0.00 1.04 35.2 
2 300 300 80 2300 0.46 5.6 0.30 0.30 1.04 35.2 
3 300 300 80 2300 0.46 5.9 2.40 2.40 1.76 33.6 
4 300 300 80 2300 0.46 6.2 2.80 2.80 1.76 31.7 
5 300 300 80 2300 0.46 0.0 0.00 0.00 1.04 31.7 
6 300 300 80 2300 0.46 12.4 0.00 0.00 1.04 31.7 
7 300 300 80 2300 0.46 0.0 0.60 0.60 1.04 35.2 
8 300 300 80 2300 0.46 11.6 0.60 0.60 1.04 34.0 
9 300 300 80 2300 0.28 5.9 0.60 0.60 1.04 33.6 
10 300 300 80 2300 0.63 5.9 0.60 0.60 1.04 33.5 
11 300 300 80 2300 0.28 5.8 2.00 2.00 1.76 34.0 

Fukuzawa 

12 300 300 80 2300 0.63 5.8 2.00 2.00 1.76 34.3 
Figure 5-53 presents the mesh for Table 5-11 walls with an aspect ratio of 0.46. Four rows of 
elements on each side of the mesh represent the barbells as shown in yellow in Figure 5-53. The 
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element aspect ratio is approximately square throughout the mesh of the wall web and barbells. 
Table 5-12 presents the experimental and predicted peak shear strengths for the squat barbell 
walls modeled using VecTor2. As seen in Table 5-12, VecTor2 can predict the peak shear 
strength of squat barbell walls with reasonable accuracy. This is an important result because the 
total barbell area forms 57% of the total wall area, and if the effectiveness of the barbells on wall 
response was questionable, significant overestimations of the experimental peak shear strength 
would be expected. It can be concluded that the barbells are fully effective in resisting the lateral 
forces. Note that the failure mode for all barbell walls listed in Table 5-11 was diagonal 
compression. VecTor2 accurately predicted the failure mode for all walls. 

 
Figure 5-53 VecTor2 mesh for squat barbell walls with an aspect ratio of 0.46 
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Table 5-12 Comparison of experimental ( peakV ) peak shear strengths to those predicted 
using VecTor2 ( _peak FEV ) for squat barbell walls 

Program 
ID Wall ID peakV  

(kN) 
_peak FEV  

(kN) 
_peak FE

peak

V
V

 

1 1658 1496 0.90 
3 1475 1506 1.02 
4 1677 1663 0.99 
5 1823 1819 1.00 
6 1515 1603 1.06 
7 1617 1812 1.12 

Chiba 

8 1343 1260 0.94 
2 1246 1298 1.04 
3 1307 1345 1.03 Yagishita 
6 1146 1177 1.03 
1 1192 1041 0.87 
2 1283 1278 1.00 
3 2003 1834 0.92 
4 1732 1823 1.05 
5 744 635 0.85 
6 1421 1139 0.80 
7 1151 975 0.85 
8 1698 1602 0.94 
9 1871 1709 0.91 
10 1275 1123 0.88 
11 2081 2150 1.03 

Fukuzawa 

12 1656 1584 0.96 
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6 EMPIRICAL EQUATIONS FOR PEAK SHEAR 
STRENGTH 

6.1 Introduction 

The peak shear-strength equations used in the United States were presented in Sections 1 and 2. 
Section 4 identified the utility of five peak shear-strength equations using the squat wall database 
introduced in Section 3. The results presented in Section 4 showed that these equations are 
inaccurate in the sense that a) the utility of the equations vary significantly with respect to wall 
geometry (rectangular, flanged and barbell), and b) the coefficients of variation associated with 
the distributions of the ratio of predicted to experimental peak shear strength are generally large. 
An ideal equation would provide a mean ratio of predicted to measured peak shear strengths of 
1.0 and a small dispersion as measured by a coefficient of variation. In this section, equations to 
predict the peak shear strength of squat reinforced concrete walls are developed empirically 
using the squat wall database. Section 6.2 presents an evaluation of the effect of various design 
variables on peak shear strength using the experimental data presented in Appendix A. Section 
6.3 performs a similar investigation to that of Section 6.2 but using the finite element analysis 
code VecTor2 [VecTor Analysis Group (2007)], which was shown in Section 5 to satisfactorily 
predict the behavior of squat walls. Section 6.4 presents the empirically developed peak shear-
strength models using the data of Appendix A. 

During the preliminary data evaluation phase, it was observed that the walls tested under large 
amplitude dynamic pulses (blast loading) had 25% higher peak shear strength on average than 
identical walls tested under pseudo-static monotonic loading [Antebi et al. (1960)]. This result is 
expected since the compressive and tensile strengths of concrete increase substantially at high-
strain rates. Given that the focus of the study is the seismic behavior of squat walls, for which the 
strain-rate effects are insignificant, the data from the blast tests (30 of the 434 selected walls) are 
not included in the dataset used for developing peak shear-strength models. 

The second step in the process of developing empirical peak shear strength models for squat 
walls is to limit the wall dataset to those for which the failure mode is predominantly shear 
(shear-critical walls). Two strategies can be employed to identify the shear-critical walls: 1) 
identification through visual observation of the reported damage photos, and 2) comparing the 
experimental peak shear strength with the shearing force ( flexV ) associated with the development 
of wall flexural strength as determined by cross-section analysis. The disadvantages of using the 
first approach are two-fold: 1) damage photos were not reported for all walls in the database, and 
2) a decision based on visual observation is subjective. Accordingly, the second approach is used 
herein. Paulay et al. (1982) showed that cross-section analysis can satisfactorily predict the 
flexural strength of squat walls. Cross-section analysis was performed for all 404 walls as a part 
of the analyses presented in Section 4. Therefore, the values of flexV  used herein to identify 
shear-critical walls are those of Section 4. The assumptions associated with the cross-section 
analyses are listed in Section 4 and are not repeated. It should be noted that the plane-section 
hypothesis, which is one of the underlying assumptions of cross-section analysis, is not valid for 
squat walls since the contributions of shear deformation to total deformation is generally large. 
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Figure 6-1 presents the variation of peak flexV / V  with moment-to-shear ratio for all 404 squat 
walls. The walls with peak flexV / V  less than 1.0 are assumed to be shear-critical. 

 
Figure 6-1 Variation of peak flexV / V  with moment-to-shear ratio for squat walls 

Figure 6-1 shows that the likelihood of flexure-critical response increases with an increase in the 
ratio of moment to shear. In general, walls with a ratio of moment to shear of less than 1.0 are 
shear-critical whereas those with moment-to-shear ratios of higher than 1.0 are flexure-critical. 
Further, rectangular walls are more likely to develop their flexural strength than walls with 
boundary elements. To summarize, 59 of the 150 squat walls with rectangular cross-sections, 15 
of the 93 squat walls with flanges and 16 of the 161 squat walls with barbells are judged to be 
flexure-critical walls. 

6.2 Effect of Design Variables on Peak Shear Strength – Evaluation 
of Experimental Data 

To study the effect of variation in the design variables on the peak shear strength of a squat wall, 
the database of Appendix A is mined to identify shear-critical companion walls (same test series 
and loading type) that were identical except for one design variable. The aim of these tests was to 
investigate the effect of a single design variable1 on wall behavior by performing one-factor at-a-
                                                 
1 In some cases, ′cf  differed for the companion walls in addition to the single factor varied. These companion walls 
are not completely excluded from the analyses presented in this section but a rule is followed to evaluate these walls. 
In a group of companion walls, if the ratio of the largest to smallest ′cf  is greater than 1.2, the group is excluded 
from the analysis. 
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time experiments. The database of Appendix A include companion walls for design variables 
aspect ratio, axial load, horizontal web reinforcement ratio, vertical web reinforcement ratio, cf ′ , 
and boundary element vertical reinforcement ratio. 

Equations currently used to predict the peak shear strength of squat walls (see Sections 1 and 2) 
include design variables such as aspect ratio, axial load, horizontal and vertical web 
reinforcement ratio, and cf ′ , but generally ignore the effects of wall cross-section type and 
boundary element reinforcement. 

6.2.1 Aspect Ratio 

Many have observed that walls with smaller aspect ratios generate higher peak shear strengths 
than taller walls with similar material properties. Therefore, aspect ratio is generally used as a 
design variable to estimate peak shear strength. The effect of aspect ratio on peak shear strength 
is generally introduced within the concrete contribution term as in Chapter 11 and 21 of ACI 
318-08 [ACI (2008)], the Barda procedure [Barda et al. (1977)] and ASCE 43-05 [ASCE 
(2005)]. However, the forms of these terms differ significantly and there is no unified approach 
to incorporate the effect of wall aspect ratio on peak shear strength.  

Table 6-1 presents data on the groups of companion shear-critical walls that focused on the effect 
of aspect ratio on squat wall behavior. Figure 6-2 shows the variation in peak shear strength 
[normalized by wall web area ( wA )] with aspect ratio ( w wh / l ) for the companion walls of  

Table 6-1. In Figure 6-2 (and in Figures 6-3 through 6-7), the lines corresponding to groups of 
companion walls with more than two walls per group are determined using linear regression. The 
data presented in Figure 6-2 indicates that the peak shear strength of squat walls increase with 
decreasing aspect ratio. The near-parallel trend lines in Figure 6-2 indicate that the effect of wall 
aspect ratio on peak shear strength is somewhat similar for the three wall geometries considered. 

6.2.2 Horizontal Web Reinforcement Ratio 

Horizontal web reinforcement ratio is another key parameter used in the peak shear equations. 
However, the effect of horizontal web reinforcement ratio on peak shear strength is still unclear. 
Barda (1972), Maier and Thürlimann (1985) and Lefas et al. (1990) conclude that the effect of 
horizontal web reinforcement ratio on peak shear strength is negligible in comparison with that 
of the vertical web reinforcement ratio. However, the Lefas et al. (1990) walls failed 
predominantly in flexure and some of the Maier and Thürlimann (1985) walls exhibited mixed 
failure modes (i.e., flexure-diagonal tension). The two companion walls (B3-2 and B4-3) of 
Barda (1972) tested to observe the effect of horizontal web reinforcement ratio on wall behavior 
had significantly different cf ′  (2760 psi vs. 3920 psi) and a direct comparison of the strength of 
the two walls is not possible. Cardenas et al. (1980) conclude that both horizontal and vertical 
web reinforcement contribute to peak shear strength. Cardenas et al. (1980) tested two groups of 
companion walls (first group: walls SW-8 and SW-9, second group: walls SW-11 and SW-12) to 
investigate the effect of horizontal web reinforcement ratio on wall behavior. However, walls 
SW-9 had peak flexV / V  of greater than 1.0 and walls SW-11 and SW-12 failed prematurely due to 
insufficient anchorage so the Cardenas et al. (1980) walls are also excluded from the discussion.  
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Table 6-1 Information on the test programs focused on the influence of aspect ratio on wall 
behavior 

Cross-
Section Group Researcher Wall ID w wh / l  cf ′  

(psi) 
peak wV / A  
(psi) 

Wall-2 0.25 3191 493 1 Wiradinata 
Wall-1 0.50 3626 417 
SW11 0.50 3776 342 

Rectangular 
2 Sheu 

SW17 0.75 3769 267 
7 0.28 4793 1275 
1 0.46 4935 1307 1 Chiba 
8 0.63 4850 1059 

Fukuzawa 11 0.28 4935 1640 
Chiba 5 0.46 5021 1437 
Hatori 3 0.46 5149 1399 

2 

Fukuzawa 12 0.63 4978 1306 
Fukuzawa 9 0.28 4878 1475 

Chiba 2 0.46 4281 929 

Barbell 

3 
Yagishita 2 0.46 4224 982 

B7-5 0.21 3730 854 
B3-2 0.46 3920 830 1 Barda 
B8-5 0.96 3400 664 

W12-1 0.35 5106 1515 2 Saito 
W12-6 0.83 4807 1001 
W15-1 0.35 3598 997 3 Saito 
W15-2 0.83 3755 827 
W12-4 0.35 5191 1414 4 Saito 
W12-7 0.83 4921 939 
RA-00P 0.46 4580 926 
RB-00P 0.66 4196 795 5 Seki 
RC-00P 0.85 4366 649 
RA-15P 0.46 4281 1051 
RB-15P 0.66 4196 921 

Flanged 

6 Seki 
RC-15P 0.85 4238 736 
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a) Rectangular walls b) Barbell walls 

 
c) Flanged walls 

Figure 6-2 Variation of peak shear strength with aspect ratio 

Table 6-2 presents data on the groups of shear-critical companion walls that focused on the effect 
of horizontal web reinforcement ratio on squat wall behavior. All presented data are for 
rectangular walls and no data was identified for the walls with flanged or barbell cross-sections 
presented in Appendix A. Figure 6-3 shows the variation in peak shear strength with the 
horizontal web reinforcement ratio ( hρ ). The effect of horizontal web reinforcement ratio on 
peak shear strength was significant for lightly reinforced walls, which did not comply with the 
minimum reinforcement requirements of ACI 318-08 [ACI (2008)]. In contrast, the effect was 
almost negligible for walls with horizontal web reinforcement ratios of higher than 0.25%. More 
experimental work is needed to identify the effect of horizontal web reinforcement ratio on squat 
wall behavior. 
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Table 6-2 Information on the test programs focused on the influence of horizontal web 
reinforcement ratio on wall behavior 

Cross-
Section Group Researcher Wall ID (%)hρ  cf ′  

(psi) 
peak wV / A
(psi) 

1 0.13 2915 212 1 Hidalgo 
2 0.25 2959 322 
6 0.13 2654 333 2 Hidalgo 
8 0.25 2364 342 
11 0.13 2451 245 3 Hidalgo 
13 0.26 2741 301 
14 0.13 2582 272 4 Hidalgo 
16 0.25 2843 382 
73 0.26 3015 387 5 Hirosawa 
74 0.57 3015 434 
75 1.08 2133 429 

Rectangular 

6 Hirosawa 
76 1.08 2660 486 

 

 
Figure 6-3 Variation of peak shear strength with horizontal web reinforcement ratio 

6.2.3 Vertical Web Reinforcement Ratio 

Vertical web reinforcement ratio is not considered in the ACI 318-08 [ACI (2008)] equations to 
predict peak shear strength but is a key component of the Barda et al. (1977), ASCE 43-05 
[ASCE (2005)] and Wood (1990) equations. Table 6-3 presents data on the groups of shear-
critical companion walls that focused on the effect of vertical web reinforcement ratio on squat 
wall behavior. Figure 6-4 shows the variation in peak shear strength with the vertical web  
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Table 6-3 Information on the test programs focused on the influence of vertical web 
reinforcement ratio on wall behavior 

Cross-
Section Group Researcher Wall ID (%)vρ  cf ′  

(psi) 
peak wV / A
(psi) 

7 0.13 2741 341 1 Hidalgo 
8 0.26 2364 342 
12 0.13 2567 315 2 Hidalgo 
13 0.26 2741 301 
15 0.13 2872 389 3 Hidalgo 
16 0.25 2843 382 
21 0.00 3655 288 4 Hidalgo 
24 0.25 3611 261 
25 0.00 3611 408 5 Hidalgo 
28 0.25 3510 296 
29 0.00 3495 428 

Rectangular 

6 Hidalgo 
32 0.25 3510 445 

B3-2 0.50 3920 830 Flanged 1 Barda 
B5-4 0.00 4190 524 

 

a) Rectangular walls b) Flanged walls 

Figure 6-4 Variation of peak shear strength with vertical web reinforcement ratio 

reinforcement ratio ( vρ ). The rectangular wall dataset is limited to the lightly reinforced Hidalgo 
et al. (2002) walls ( 0.26vρ ≤ ). Figure 6-4a shows that vertical web reinforcement ratio was not a 
factor in the peak shear strength of Hidalgo walls. However, all of the Hidalgo walls included 
significant amount of vertical reinforcement at the wall ends and the total area of vertical web 
reinforcement was modest in comparison to the total area of vertical reinforcement in the wall 
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section. Figure 6-4b shows that the peak shear strength of squat flanged walls are significantly 
affected by variation in the vertical web reinforcement ratio. As for horizontal reinforcement 
ratio, more experimental work is needed to identify the effect of vertical web reinforcement ratio 
on squat wall behavior. 

6.2.4 Compressive Axial Force 

Axial force is not considered in the Chapter 21 equation of ACI 318-08 [ACI (2008)] and the 
Wood (1990) equation but is included in the Chapter 11 equation of ACI 318-08 [ACI (2008)] 
through the concrete contribution term ( cV ). In contrast, the equations of Barda et al. (1977) and 
ASCE 43-05 [ASCE (2005)] account for the effect of axial force on peak shear strength through 
a separate term. Note that none of the walls in Appendix A was tested using axial tensile forces. 
Table 6-4 presents data on the groups of shear-critical companion walls that focused on the effect 
of axial force on squat wall behavior. Figure 6-5 shows the variation in peak shear strength with 
the axial force [normalized by total wall area ( tA )]. For all cross section types, the experimental 
data shows consistently that the peak shear strength of squat walls increases with increasing axial 
force, and so, axial force should be considered as a variable in peak shear strength calculations. 

6.2.5 Concrete Compressive Strength 

A concrete contribution term, as a function of cf ′ , is included ACI 318-08 [ACI (2008)], Barda 
et al. (1977) and ASCE 43-05 [ASCE (2005)] peak shear strength procedures. Wood (1990) 
procedure does not use cf ′  in any form to predict the peak shear strength of squat walls. Table 
6-5 presents data on the groups of shear-critical companion walls that focused on the effect of 

cf ′  on squat wall behavior. Figure 6-6 shows the variation in peak shear strength with cf ′ . As 
seen in Figure 6-6, the effect of cf ′  on peak shear strength varies across the different groups of 
companion walls. For some of the companion wall groups for rectangular and barbell walls, peak 
shear strength increases with increasing cf ′ . The data for flanged walls indicates that the effect of 

cf ′  on peak shear strength is insignificant. 

6.2.6 Vertical Boundary Element Reinforcement Ratio 

Vertical boundary element reinforcement ratio is not considered in the ACI 318-08 [ACI (2008)], 
Barda et al. (1977) and ASCE 43-05 [ASCE (2005)] peak shear strength calculations. The Wood 
(1990) equation, which is based on shear-friction, considers all vertical reinforcement in the 
horizontal cross-section of a wall to calculate its peak shear strength. Table 6-6 presents data on 
the groups of shear-critical companion walls that focused on the effect of vertical boundary-
element reinforcement ratio on squat wall behavior. 

Figure 6-7 shows the variation in peak shear strength with the vertical boundary-element 
reinforcement ratio ( beρ ). As seen in the figure, the peak shear strength of squat walls increased 
consistently with increasing boundary element reinforcement ratio for all five companion wall 
groups considered. No companion data are available for walls with flanged cross-sections. 
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Table 6-4 Information on the test programs focused on the influence of axial stress on wall 
behavior 

Cross-
Section Group Researcher Wall ID tP / A 1 

(psi) 
cf ′  

(psi) 
peak wV / A
(psi) 

wp110-5 16.2 4340 281 
wp1105-7 248.2 4640 491 
wp1105-8 247.7 4630 454 
wp111-9 426.2 4100 556 

Rectangular 1 Massone 

wp111-10 471.2 4550 546 
WB-6 1.4 2148 610 
WB-7 357.0 2219 787 1 Shiga 
WB-8 712.6 2219 729 
WB-4 1.4 2333 587 2 Shiga 
WB-9 357.0 2461 622 
FSW-6 112.1 7216 707 
FSW-5 334.4 8172 987 3 XiangDong 
FSW-4 667.9 7181 947 
FSW-13 112.1 8254 739 
FSW-8 334.4 7004 864 4 XiangDong 
FSW-12 667.9 8277 1056 

Yagishita 6 2.2 4167 904 
1 286.7 4935 1307 5 

Chiba 
6 571.2 4608 1194 
5 2.2 4594 587 
1 286.7 5106 940 6 Fukuzawa 
6 571.2 4594 1120 
7 2.2 5106 908 7 Fukuzawa 
8 571.2 4935 1339 

Hatori 1 2.2 4893 1350 
Chiba 5 286.7 5021 1437 

Barbell 

8 
Hatori 2 571.2 4921 1604 

DP1 220.1 2727 567 1 Palermo 
DP2 46.8 3147 816 

W12-4 154.6 5191 1414 
Flanged 

2 Saito 
W12-1 296.8 5106 1515 

1. The weight of top beam (or slab) is included in the axial load calculations. 
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Table 6-4 Information on the test programs focused on the influence of axial stress on wall 
behavior (cont’d) 

Cross-
Section Group Researcher Wall ID tP / A  

(psi) 
cf ′  

(psi) 
peak wV / A
(psi) 

W12-7 154.6 4921 939 3 Saito 
W12-6 296.8 4807 1001 
RA-00P 51.4 4580 926 4 Seki 
RA-15P 197.9 4281 1051 
RB-00P 51.4 4196 795 5 Seki 
RB-15P 197.9 4196 921 
RC-00P 51.4 4366 649 

Flanged 
(cont’d) 

6 Seki 
RC-15P 197.9 4238 736 

 

a) Rectangular walls b) Barbell walls 

 
c) Flanged walls 

Figure 6-5 Variation of peak shear strength with axial compressive stress 
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Table 6-5 Information on the test programs focused on the influence of cf ′  on wall behavior 

Cross-
Section Group Researcher Wall ID cf ′  

(psi) 
peak wV / A  
(psi) 

Hidalgo 21 3655 288 1 
Hidalgo 22 2596 261 
Hidalgo 25 3611 408 2 
Hidalgo 26 2669 275 
Hidalgo 29 3495 428 3 
Hidalgo 30 2698 317 

Hirosawa 72 2503 431 4 
Hirosawa 73 3015 387 
Hirosawa 74 3015 434 

Rectangular 

5 
Hirosawa 75 1991 431 

13 2669 655 
25 5973 648 
32 3880 704 
35 3700 641 

1 Antebi 

37 4100 570 
M-2 2750 629 2 Benjamin 
M-3 3680 589 

Chiba 5 5021 1437 3 
Hatori 6 3655 1176 
Chiba 1 4935 1307 4 
Hatori 5 3755 1096 

No1 3940 905 
No2 5561 1109 5 Taga 
No3 8463 1215 
No5 3726 946 
No6 5391 1215 

Barbell 

6 Taga 
No7 8434 1395 

LN6-2 4380 482 1 Mo 
LM6-2 5366 494 
LN6-3 4380 506 2 Mo 
LM6-3 5004 506 
W12-1 5106 1515 

Flanged 

4 Saito 
W12-5 5860 1521 
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a) Rectangular walls b) Barbell walls 

 
c) Flanged walls 

Figure 6-6 Variation of peak shear strength with cf ′  

6.3 Effect of Design Variables on Peak Shear Strength through 
Numerical Simulation 

6.3.1 Introduction 

The analysis results of Section 5 led to the conclusion that VecTor2 can predict reasonably the 
experimental response of squat reinforced concrete walls. The peak shear strength predictions of 
the MCFT and DSFM formulations included in VecTor2 were generally within 10% of the 
experimentally measured values for all three wall geometries (rectangular, barbell and flanged). 

In this section, a numerical experiment is designed and implemented using VecTor2 to provide 
more insight into the contribution of the various design variables to the peak shear strength of 
squat walls. Given that a reliable numerical modeling tool is available, the obvious advantage of 
numerical analysis over physical experimentation is the cost of the experiment. In addition, more  
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Table 6-6 Information on the test programs focused on the influence of vertical boundary 
element reinforcement ratio on wall behavior 

Cross-
Section Group Researcher Wall ID beρ  

(%) 
cf ′  

(psi) 
peak wV / A
(psi) 

171 3.92 3556 474 1 Yoshizaki 
173 5.92 3556 524 
176 2.94 3698 486 

Rectangular 
2 Yoshizaki 

178 4.44 3698 578 
6 2.10 3160 570 1 Antebi 

10 4.71 3360 718 
35 2.10 3700 641 2 Antebi 
41 4.71 3310 746 
K3 2.14 2788 491 

Barbell 

3 Kabeyasawa 
K4 1.43 3015 462 

 

a) Rectangular walls b) Barbell walls 

Figure 6-7 Variation of peak shear strength with vertical boundary element reinforcement 
ratio 

scenarios can be studied in a much shorter timeframe. The drawback of using computational 
experimentation is that the quality of the results is limited by the ability of the numerical model 
to predict the response variable. Nevertheless, the intention here is not to create a statistical 
robust predictive model for peak shear strength using VecTor2, but rather, to assess the effects of 
various design parameters (factors) to wall peak shear strength (response variable). 
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6.3.2 Factorial Design 

Factorial experimentation is used to design the numerical experiments conducted herein. This 
technique allows the experimenter to determine formally the relative effect of each design factor 
on the response variable and the presence of interaction between these factors. Efficiency (fewer 
number of experiments required) and identification of the interaction between the factors are the 
major advantages of the factorial experimentation over the classical one-factor-at-a-time 
experimentation. The subject of factorial experimentation is not discussed in detail herein since 
information on the subject is widely available in many texts on design of experiments [i.e., Box 
et al. (1978) and Montgomery (2005)]. 

The first step in factorial design of experiments is to determine the factors that potentially affect 
the response variable of interest. Once the design factors are determined, the subsequent steps in 
the factorial design are to select the number of levels for the design factors, factorial design type 
(i.e., full, one-half, one-quarter), and run the experiments for all possible combinations of the 
factor levels. Herein, the response variable is peak shear strength. All six design variables 
evaluated in Section 6.2 are selected as factors for the factorial design. These factors are wall 
aspect ratio (AR), horizontal web reinforcement ratio (HR), vertical web reinforcement ratio 
(VR), compressive strength of concrete (fc), axial force (AF), and vertical boundary-element 
reinforcement ratio (BER). 

A two-level factorial design is judged appropriate since the number of design factors is not small. 
Selection of a two-level factorial design is associated with the assumption that the response is 
approximately linear over the range of the factor levels chosen. A two-level full factorial design 
with 6 factors requires 64 runs, or more generally, a two-level full factorial design that includes k 
factors requires 2k runs for the experiment. Assuming that high-order interactions are negligible, 
information on the main effects and low-order interactions can be obtained by running only a 
fraction of a full experiment. One-half fraction of a two-level full factorial design with 6 factors, 
which is referred as 26-1 design, requires 32 analyses and reduces the overall experimental burden 
by half. In addition, no main effects or two-factor interaction is aliased with any other main 
effect or two-factor interaction [Box et al. (1978)]. Therefore, this particular design maintains a 
good balance between economy and accuracy. 

The factor levels selected for the numerical experiment conducted herein are presented in Table 
6-7. The effects of the six factors on the peak shear strength of squat walls are investigated 
separately for rectangular and barbell walls. The factor levels presented in Table 6-7 are used to 
design both experiments, therefore the only difference between the runs of the two computational 
experiments is the cross-section shape as illustrated in Figure 6-8. 

Table 6-7 Factor levels 

Factor Level 
AR HR (%) VR (%) fc (MPa) AF (kN) BER 

Low (-1) 0.35 0.25 0.25 20 200 4Φ 12 
High (1) 0.70 0.75 0.75 40 400 8Φ 12 
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Figure 6-8 Cross-section geometries used for computational experiments (measurements in 

cm) 

A numerical experiment using a flanged wall cross-section is not designed because the flange 
thicknesses are much smaller than the depth of the boundary elements in rectangular or barbell 
walls. Therefore, a numerical experiment design including flanged walls would result in 
unrealistic reinforcement schemes in the boundary elements of the rectangular and barbell walls 
since the objective is to place reinforcement at the same locations in each cross-section to allow 
direct comparison of results. 

The barbell cross-section geometry selected for the numerical experimentation is similar to the 
wall geometry adopted in the tests associated with squat walls in nuclear-structures summarized 
by the Architectural Institute of Japan [AIJ (1985a, b), AIJ (1986b, c)]. Relatively small aspect 
ratios are selected for the walls (0.35 for the low-level and 0.70 for the high-level) to ensure 
failure in shear. The selected axial forces represent a variation of normalized axial forces 
between 2.6% (fc = 40 MPa, AF = 200 kN) and 10.4% (fc = 20 MPa, AF = 400 kN) of the 
product of total wall area and cf ′  for rectangular wall cross-section: reasonable limiting values 
for squat walls. The boundary element reinforcement is selected such that it comprises 
approximately the 50% of the total vertical reinforcement in the rectangular wall cross-section 
for the corresponding low-level design (VR = 0.25%, BER = 4Φ 12). The low-level values for 
HR and VR are set to the minimum values required by ACI 318-08. Table 6-8 presents the 
design matrix that includes all combination of the factor levels. In Table 6-8, _peak RV  and _peak BV  
are the predicted peak shear strengths for the rectangular and barbell wall analyses, respectively. 

6.3.3 Numerical Model 

Two finite element models are constructed to run the numerical experiments. The first model is 
for analysis of walls with an aspect ratio of 0.35 and the second model is for analysis of walls 
with an aspect ratio of 0.70. The common properties of the two finite element models are:  

• The topbeam and foundation are 3.0 m long, 0.4 m high, and 0.8 m thick, 
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Factor Levels 
Run 

AR HR VR fc AF BER
_peak RV  

(kN) 
_peak BV  

(kN) 
_

_

peak B

peak R

V
V

 

1 -1 -1 1 1 1 1 1231.8 1535.3 1.25 
2 -1 1 1 -1 -1 -1 743.0 951.6 1.28 
3 -1 1 -1 -1 1 -1 737.5 893.0 1.21 
4 -1 1 -1 -1 -1 1 777.9 971.3 1.25 
5 -1 -1 -1 -1 1 1 771.8 1027.4 1.33 
6 1 -1 1 1 -1 1 747.8 874.0 1.17 
7 1 1 1 -1 -1 1 649.3 785.2 1.21 
8 -1 1 -1 1 -1 -1 740.9 842.0 1.14 
9 1 1 -1 1 1 -1 547.5 610.9 1.12 
10 -1 1 -1 1 1 1 1148.3 1334.3 1.16 
11 1 -1 -1 1 -1 -1 438.8 487.9 1.11 
12 -1 -1 1 -1 -1 1 804.3 1082.8 1.35 
13 1 -1 -1 -1 -1 1 475.7 631.7 1.33 
14 1 1 -1 1 -1 1 640.2 719.4 1.12 
15 -1 -1 1 1 -1 -1 938.4 1106.8 1.18 
16 1 1 -1 -1 1 1 644.6 758.0 1.18 
17 -1 -1 1 -1 1 -1 783.7 1015.6 1.30 
18 1 1 1 1 -1 -1 596.6 663.6 1.11 
19 1 -1 -1 -1 1 -1 480.8 563.9 1.17 
20 1 -1 -1 1 1 1 673.4 806.5 1.20 
21 1 1 1 1 1 1 861.8 1001.4 1.16 
22 -1 1 1 -1 1 1 882.1 1162.7 1.32 
23 -1 -1 -1 1 1 -1 852.8 1021.7 1.20 
24 -1 1 1 1 1 -1 1086.2 1310.0 1.21 
25 1 1 -1 -1 -1 -1 409.2 460.6 1.13 
26 -1 -1 -1 -1 -1 -1 605.7 721.9 1.19 
27 1 -1 1 1 1 -1 678.3 776.7 1.15 
28 1 -1 1 -1 1 1 626.7 810.6 1.29 
29 -1 1 1 1 -1 1 1169.1 1442.0 1.23 
30 1 -1 1 -1 -1 -1 500.9 606.8 1.21 
31 -1 -1 -1 1 -1 1 935.6 1147.5 1.23 
32 1 1 1 -1 1 -1 594 704.6 1.19 

 

 

Table 6-8 Design matrix for the experiment and the computed response variables 
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• The reinforcement ratio in the horizontal and vertical directions of the top beam and 
foundation are each 1.0%, 

• The lateral load is applied at the mid-height of the left end of the top beam, 

• The axial load is applied as equivalent concentrated forces along the mid-height of the 
top beam, 

• The wall length is 2.4 m,  

• The bottom nodes of the foundation are fixed against translation in the X  and Y  
directions, and 

• The element geometry for the FE meshes is 50 mm ×  56 mm (width ×  height).  

Figure 6-9 presents the meshes used in the experiments. The yellow shaded elements in the 
figure identify the boundary elements. 

All of the analyses were executed using the Popovics concrete model and the MCFT algorithm. 
All other modeling assumptions are those made in Section 5.4. The calculated peak shear 
strengths for each experiment are presented in Table 6-8. Note that the coded design variables (-1 
for low level and 1 for high level) are used to analyze the factorial design. The other alternative 
is to use the uncoded design variables that are the design variables in original (engineering) units. 
However, the magnitudes of the model coefficients are directly comparable when coded design 
variables are used since the coded variables are dimensionless and are estimated with the same 
precision (standard error). Therefore, coded variables are very effective for determining the 
relative effects of the factors on the response variable [Montgomery (2005)]. 

 

a) wall aspect ratio = 0.35 b) wall aspect ratio = 0.70 

Figure 6-9 Finite element models constructed for the numerical analyses 
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6.3.4 Analysis Results 

The factorial experimentations are analyzed using the commercial statistics software Minitab 
[Minitab Inc. (2007)]. The calculated factor effects together with the corresponding sums of 
squares are presented in Table 6-9 and Table 6-10 for the experiments conducted using 
rectangular and barbell cross-sections, respectively. In these tables, the column labeled “Percent 
contribution” presents the ratio of the sums of squares calculated for the effects to the total sum 
of squares. This parameter implicates the relative importance of each factor for the model used to 
predict the response variable. 

As seen in Table 6-9, five main effects influence the peak shear strength of rectangular walls: 
aspect ratio (AR), axial force (AF), vertical web reinforcement ratio (VR), boundary element 
reinforcement ratio (BER), and concrete compressive strength (fc). Following these five main 
effects in influence order are two interactions effects, namely, AR*fc and fc*BER. The effect of 
the horizontal web reinforcement ratio (HR) on peak shear strength is smaller than these 
interaction terms. The effect of horizontal web reinforcement ratio (HR) on the peak shear 
strength is insignificant when compared with the other main factors. Figure 6-10 and Figure 6-11 
present the main effects and interaction plots for the factors of the experiment. In Figure 6-11, 
parallel or near-parallel red and black lines in the interaction plots indicate a lack of interaction 
between the corresponding two factors. The effects of the interaction terms on peak shear 
strength are generally insignificant for rectangular walls. The peak shear strength of rectangular 
walls can be computed with reasonable accuracy using only the main factors. The effect of 
horizontal web reinforcement ratio and the effects of the interaction terms on peak shear strength 
are modest. Note that the model that includes the five main factors only yields an adjusted R2 
statistic of 91%, which is considerably high. 

Similar to that observed for rectangular walls, the most influential factors on the peak shear 
strength of barbell walls are aspect ratio (AR), axial force (AF), vertical web reinforcement ratio 
(VR), boundary element reinforcement ratio (BER), and concrete compressive strength (fc) as 
seen in Table 6-10. The effect of horizontal web reinforcement ratio (HR) on peak shear is 
relatively modest by comparison with the other main factors.  

Figure 6-12 and Figure 6-13 present the main effects and interaction plots for the factors of the 
experiment. In Figure 6-12, parallel or near-parallel red and black lines in a panel indicate a lack 
of interaction between the corresponding two factors. It can be concluded that the peak shear 
strength of barbell walls can be represented with reasonable accuracy using only the main 
factors. The effects of horizontal web reinforcement ratio and the interaction terms on peak shear 
strength are modest. A linear model for the experiment that includes the five main factors only 
yields an adjusted R2 statistic of 94%, which is slightly higher than the comparable statistic 
calculated for rectangular walls (91%). The increase in accuracy may be partially attributed to 
the effect of horizontal web reinforcement ratio on peak shear strength that is smaller for barbell 
walls. A comparison of “percent contribution” data presented in Table 6-9 and Table 6-10 show 
that the effects of aspect ratio (AR), vertical web reinforcement ratio (VR), and axial force (AF) 
on peak shear strength are comparable for walls with rectangular and barbell cross-sections. The 
effect of cf ′  (fc) is higher for rectangular walls and the effect of vertical boundary-element 
reinforcement ratio (BER) is higher for barbell walls. 
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Table 6-9 Calculated factor effects and the sums of squares for rectangular wall 
experiments 

 Model term Effect 
estimate 

Sum of 
squares 

Percent 
contribution 

AR -290.2 673728 48.63 
HR 42.6 14518 1.05 
VR 125.8 126605 9.14 
fc 175 245000 17.68 
AF 89.2 63653 4.59 M

ai
n 

E
ff

ec
ts

 

BER 144.1 166118 11.99 
AR*HR -2.5 50 0.00 
AR*VR -7.7 474 0.03 
AR*fc -74.6 44521 3.21 
AR*AF -8.2 538 0.04 

AR*BER -10 800 0.06 
HR*VR -8.8 620 0.04 
HR*fc -5.9 278 0.02 
HR*AF 7.7 474 0.03 

HR*BER 20.7 3428 0.25 
VR*fc 40.7 13252 0.96 
VR*AF -14.8 1752 0.13 

VR*BER -12.7 1290 0.09 
fc*AF 19.8 3136 0.23 

fc*BER 46.9 17597 1.27 
AF*BER -9.2 677 0.05 

AR*HR*VR 5.7 260 0.02 
AR*HR*fc -7.3 426 0.03 
AR*HR*AF -0.7 4 0.00 

AR*HR*BER 7.3 426 0.03 
AR*VR*fc -12.7 1290 0.09 
AR*VR*AF 0.3 1 0.00 

AR*VR*BER 7.4 438 0.03 
AR*fc*AF -16.5 2178 0.16 

AR*fc*BER -15.6 1947 0.14 

In
te

ra
ct

io
ns

 

AR*AF*BER 1.5 18 0.00 
 Total 1385500 100 
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Figure 6-10 Average response plots for the main effects of the numerical experiment 

conducted using a rectangular cross-section 

 
Figure 6-11 Two-factor interactions matrix for the numerical experiment conducted using 

a rectangular cross-section 
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Table 6-10 Calculated factor effects and the sums of squares for barbell wall experiments 

 Model term Effect 
estimate 

Sum of 
squares 

Percent 
contribution 

AR -394 1241888 54.75 
HR 24.6 4841 0.21 
VR 177 250632 11.05 
fc 158.3 200471 8.84 
AF 114.8 105432 4.65 M

ai
n 

E
ff

ec
ts

 

BER 209.5 351122 15.48 
AR*HR -6.4 328 0.01 
AR*VR -29 6728 0.30 
AR*fc -80.9 52358 2.31 
AR*AF -14.4 1659 0.07 

AR*BER -20.6 3395 0.15 
HR*VR 2 32 0.00 
HR*fc -3.7 110 0.00 
HR*AF 2.6 54 0.00 

HR*BER 7.7 474 0.02 
VR*fc 40.5 13122 0.58 
VR*AF -14.3 1636 0.07 

VR*BER -14.7 1729 0.08 
fc*AF 24.4 4763 0.21 

fc*BER 45.6 16635 0.73 
AF*BER -17.1 2339 0.10 

AR*HR*VR 1.5 18 0.00 
AR*HR*fc -2 32 0.00 
AR*HR*AF 8.5 578 0.03 

AR*HR*BER 9.4 707 0.03 
AR*VR*fc -15.7 1972 0.09 
AR*VR*AF 4.8 184 0.01 

AR*VR*BER 5.6 251 0.01 
AR*fc*AF -12.1 1171 0.05 

AR*fc*BER -19 2888 0.13 

In
te

ra
ct

io
ns

 

AR*AF*BER 8.2 538 0.02 
 Total 2268087 100 
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Figure 6-12 Average response plots for the main effects of the numerical experiment 

conducted using a barbell cross-section 

 
Figure 6-13 Interactions for the numerical experiment conducted using a barbell cross-

section 
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A comparison of the calculated peak shear strengths presented in Table 6-8 for rectangular and 
barbell walls shows that the addition of barbells increased the peak shear strength between 11% 
and 35% across the experiments. The average strength increase was approximately 20%. 

6.4 Proposed Peak Shear Strength Equations 

6.4.1 Methodology 

Herein, new models to predict the peak shear strength of squat reinforced concrete walls are 
obtained using nonlinear regression. The wall data summarized in Section 3 is used for this 
purpose. The values for the unknown coefficients of the models are calculated using the fmincon2 
nonlinear solver in MATLAB [The MathWorks, Inc. (2006)]. Fmincon can find the minimum of 
a scalar function of several variables starting at an initial estimate and allows definition of 
constraints. Herein, the constraint is that the mean of the predicted to experimental peak shear 
strengths is set equal to 1.0. No upper or lower values are set for the model unknowns. The 
unknowns are calculated by minimizing the coefficient of variation associated with the ratios of 
predicted to experimental peak shear strength as shown in Equations 6-1 and 6-2. 
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 (6-2) 

where, peakV 3 is the experimental peak shear strength, mV  is the predicted peak shear strength, 

( )r i  is the ratio of the predicted to experimental peak shear strength for ith wall in the dataset, 
and n is the number of data points used for the model. 

6.4.2 Selected Model Form 

The major challenge in creating a new model for the peak shear strength is to determine the 
model parameters and their functional relationship. As seen in Section 4, several models with 
substantially different functional forms are used for the peak shear calculation and all of the 
models investigated to date provide less-than-satisfactory estimates of the peak shear resistance. 
Experimental data and numerical analysis results show that a robust model to predict the peak 
shear strength of squat reinforced concrete walls should consider the following design variables: 

                                                 
2 The function uses Sequential Quadratic Programming (SQP) to find the minimum of a constrained nonlinear 
function with multiple variables. 
3 For cyclically or dynamically loaded specimens, the peak shear is taken as the average of the first and third 
quadrant values. 
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1) aspect ratio, 2) vertical web reinforcement ratio, 3) axial force, 4) boundary element 
reinforcement ratio, 5) concrete compressive strength, and 6) wall cross-section shape. The data 
presented in Sections 6.2 and 6.3 shows that the effect of horizontal web reinforcement ratio on 
peak shear strength is modest for squat walls. However, horizontal web reinforcement ratio will 
also be included in the models for completeness. 

To determine the general form of the regression mode, a simple free body diagram that is based 
on the occurrence of inclined (shear) cracks in a squat reinforced concrete wall is presented in 
Figure 6-14. The forces along a crack that crosses through the upper corner of the wall web are 
used to form the free body diagram. This assumption is based on the experimental cracking 
patterns observed in squat walls and independent of the failure mode because shear inclined 
cracking at achievement of peak shear strength is a common characteristic for diagonal tension, 
diagonal compression and sliding shear failures. 

 
Figure 6-14 Free body diagram of a reinforced concrete squat wall following the 

occurrence of a inclined crack 
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In Figure 6-14, V  is the lateral force; P  is the axial force; vbeF 4 is the force carried by the 
vertical boundary element reinforcement; vwF  is the total force carried by the vertical web 
reinforcement; hwF  is the total force carried by the horizontal web reinforcement; friF  is the 
friction force associated with aggregate interlock between the two surfaces of the cracks; cxF  and 

cyF  are the components of the compression strut force; wh  is the wall height; wl  is the wall 
length; Lh  is the moment-to-shear ratio; α  is the angle of inclination for the crack, and 1a  
through 5a  are the horizontal distances used to identify the moment arms for the vertical forces. 
Equations 6-3 through 6-5 present the relationship between the external and internal forces 
illustrated in Figure 6-14. 

 1 2 5 1 1

4

( / 2) ( / 2) ( / 2)
0

A L w vbe vbe vw hw

cy

M Vh P a l F a F a F a F a tan
F a
Σ = − − − − − − −

=
α

 (6-3) 

 1 2 5 1 1 4( / 2) ( ) ( / 2) ( / 2)w vbe vw hw c

L

P a l F a a F a F a tan F aV
h

− + + + + +
=

α  (6-4) 

 cx hw friV F F F cosα= + +  (6-5) 

Equations 6-4 and 6-5 provide two relationships for shear strength calculation of a squat wall. 
Note that, complex behavior of concrete under biaxial stresses, concrete–reinforcement 
interaction, and existence of stiff boundary conditions complicate the calculation of the 
components (i.e., α , 1a  through 5a , rebar strains, friction terms) of Equations 6-4 and 6-5 and 
the overall squat wall problem is challenging even for advanced finite element analysis studies 
[Palermo and Vecchio (2007)]. Herein, simplified models using the data of Appendix A are 
created. 

Equation 6-4 includes all design variables that were shown to affect the peak shear strength of 
squat walls and therefore its form is more desirable than that of Equation 6-5. There is 
substantial uncertainty in calculation of the terms associated with friction forces ( friF ) and shear 
carried in the compressive zone ( cxF ) in Equation 6-5. Note that these two forces are also related 
to axial force demands and the amount of vertical reinforcement. The final form of the peak 
shear model determined using the free body diagram of Figure 6-14 is presented in Equation 6-6 
( mV ). The equation calculates the peak shear strength using boundary element reinforcement, 
vertical web reinforcement, horizontal web reinforcement, axial force, moment-to-shear ratio, 
and concrete contribution. 

                                                 
4 Assumed equal in at the tension and compression boundary elements for brevity. In fact, the reinforcement in the 
compression zone may be less likely to yield than the tensile reinforcement. However, the experimental data 
Palermo and Vecchio (2002) shows that near-yield strains are also observed for boundary element vertical 
reinforcement in compression. 
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In Equation 6-6, wall aspect ratio ( w wh / l ) is used rather than Lh , which is equivalent to wall 
moment-to-shear ratio. The terms associated with reinforcement and axial force are defined 
using linear functions. The forces associated with wall reinforcement, vwF , vhF , and vbeF , are 
calculated using the total reinforcement area and yield stresses. In squat reinforced concrete 
walls, the strains in reinforcement are close to the yield strain at the displacement corresponding 
to peak shear strength. Therefore, it is reasonable to ignore strain hardening in the reinforcement 
when calculating the forces vwF , vhF , and vbeF . The terms addressing the concrete contribution 
and wall aspect ratio are defined using more general functional forms to improve the model 
accuracy. 

6.4.3 Data Reduction 

As seen in Appendix A, different experimental setups were used for testing of squat walls. The 
most realistic simulation of a prototype wall structure can be performed using a cantilever 
experimental setup, which is the most widely used form of testing structural walls. In the 
cantilever experimental setup, a continuous fixed support condition is achieved by anchoring the 
foundation to the laboratory floor. The wall web is constructed over the wall foundation. The 
lateral and axial forces are transferred to the wall web using a relatively rigid concrete or steel 
member constructed above the wall web that simulates a slab or a beam in a prototype structure. 
Another experimental setup used to test reinforced concrete walls was similar to a three-point 
test of a beam. In this setup, walls were placed horizontally on two simple supports and were 
tested using a vertical point load at the mid-span. Specific information on the experimental setup 
of each wall in the database is presented in Appendix A. Herein, the datasets to obtain peak shear 
strength models are limited to walls that were tested using the cantilever experimental setup to 
minimize the variation of data with respect to boundary conditions. 

Two rectangular walls, SW-11 and SW-12, tested by Cardenas et al. (1980) were reported to 
have failed prematurely due insufficient anchorage length for the vertical reinforcement at the 
top of the wall web. These walls are excluded from the analyses performed in the following 
sections. 

The following sub-sections present the equations obtained for rectangular, and barbell and 
flanged walls, respectively. 

6.4.4 Rectangular Walls 

Two models based on Equation 6-6 are created using the rectangular wall dataset. The first 
model ( 1m aV ) sets 2β  equal to 0.5. The concrete contribution term in widely used peak shear 

strength equations is generally a function of cf ′ , which is related to the tensile strength of 
concrete. In the second model ( 1m bV ), an alternative concrete contribution term that is function of 

cf ′  is considered by setting 2β  equal to 1.0. The concrete contribution term in models 1m aV  and 
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1m bV  is normalized using wall area ( eff wA A= ). Two other peak shear models based on the 
procedures of Chapter 21.9 of ACI 318-08 (Equation 6-7) and ASCE 43-05 (Equation 6-8) are 
optimized similarly and the performance of the four models is compared with the currently used 
procedures. 

 ( )2 1 2m c h yh wV f f Aβ β ρ′= +  (6-7) 

 3 1 2 3 4 3
w

m c c se y w
w w

h PV f f f d t
l A

⎛ ⎞
′ ′= − + +⎜ ⎟

⎝ ⎠
β β β ρ β  (6-8) 

The calculated coefficients for the four models are presented in Table 6-11. Table 6-12 presents 
the statistics for the ratio of the predicted to experimental peak shear strength using the five 
procedures investigated in Section 4 and four models created herein. 

As seen in Table 6-12, model 1m aV  provides the best estimates of the peak shear with a median 
ratio of predicted to experimentally measured shear strength of 0.99 and a coefficient of variation 
of 0.135, which is the smallest among the procedures investigated. The error (or residual) sum of 
squares statistics associated with each model presented in the last column of Table 6-12 also 
reveal that model 1m aV  yields the smallest error in calculating the peak shear strength. The 
difference in the performances of the two models based on Equation 6-6 ( 1m aV  and 1m bV ) is 
modest. 

The optimized ACI 318-08 ( 2mV ) and ASCE 43-05 ( 3mV ) procedures perform better than the 
codified versions ( 1nV  and 4nV , respectively) but are poorer than those of models 1m aV  and 1m bV . 
This observation suggests that the functional forms of ACI 318-08 and ASCE 43-05 are not 
successful in accounting for the factors that affect the peak shear strength of squat rectangular 
reinforced concrete walls. Another interesting observation is that 4β  for models 1m aV , 1m bV ,  and 

2β  for model 2mV , both of which are related to the contribution of horizontal web reinforcement 
ratio to peak shear strength, are very small. This observation agrees with the outcome of the 
computational experiments performed using VecTor2 for rectangular walls (Section 6.3). 

Figure 6-15 through Figure 6-20 present the variation of the ratio of the calculated to 
experimental shear strengths for models 1m aV  and 1nV  (ACI 318-08, Chapter 21.9) with the 
design parameters aspect ratio, horizontal web reinforcement ratio, vertical web reinforcement 
ratio, vertical boundary element reinforcement ratio, normalized axial force, and cf ′ . In a well-
specified model, the data points in Figure 6-15 through Figure 6-20 should be scattered without a 
trend in a shallow band around the value of 1.0 for the ratio of calculated to experimental peak 
shear strength. The figures indicate that model 1m aV  captures the peak shear strength accurately 
for all design variables over their corresponding ranges. The majority of the ratios associated 
with model 1m aV  are between 0.75 and 1.25 whereas the ratios for model 1nV  are widely scattered 
and range between 0.36 and 3.52. In Figure 6-15 through Figure 6-20, the data points 
corresponding to model 1nV  indicate signs of model under-specification and/or heterogeneous 
variance. 
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Table 6-11 Coefficients calculated for the four models defined using Equations 6-6 through 
6-8 

Model 
ID 1β  2β  3β  4β  5β  6β  7β  

1m aV  1.29 0.50 0.26 0.04 0.20 0.39 0.58 

1m bV  0.014 1.00 0.28 0.05 0.22 0.40 0.64 

2mV  5.72 0.00  

3mV  6.79 0.91 0.20 0.64  

Table 6-12 Statistics for the ratio of predicted to experimental peak shear strength 
obtained using five procedures investigated in Section 4 and the four additional models 

introduced in this section 

 Mean Median St. 
Dev. COV Min Max % Over- 

Predictions SSE1 

1n peakV / V  1.09 0.82 0.660 0.607 0.362 3.522 34.5 176876 

2n peakV / V  0.96 0.79 0.515 0.536 0.371 2.740 29.3 112721 

3n peakV / V  1.26 1.16 0.488 0.389 0.561 2.517 65.5 132814 

4n peakV / V  1.38 1.26 0.475 0.345 0.751 2.731 77.6 116640 

5n peakV / V  1.07 0.99 0.327 0.306 0.619 2.233 50.0 45361 

1m a peakV / V  1.00 0.99 0.135 0.135 0.746 1.359 44.6 9837 

1m b peakV / V  1.00 0.99 0.138 0.138 0.741 1.347 44.6 10384 

2m peakV / V  1.00 0.94 0.303 0.303 0.587 2.119 41.4 48888 

3m peakV / V  1.00 0.97 0.213 0.213 0.574 1.601 44.8 20412 
1. Error sum of squares. 

Figure 6-21 presents the variation of experimental peak shear and peak shear calculated using 
model 1m aV  (normalized with total wall area and cf ′ ) with aspect ratio. Figure 6-21 shows that 
normalized experimental peak shear strengths for the walls in the dataset are below the shear 
stress of 10 cf ′ , which is used as an upper limit in ACI 318-08 on peak shear strength.  

As seen in Figure 6-21, the normalized peak shear strengths calculated using model 1m aV  do not 

exceed the shear stress limit of 10 cf ′ . The need for an upper shear stress limit is therefore 
inconclusive at this time since the procedure does not yield unconservative estimations of the 
peak shear strength for walls that developed relatively high shear stresses. The equation 1m aV  is 
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Figure 6-15 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with aspect ratio for 1nV  and 1m aV  

 
Figure 6-16 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with h yhfρ  for 1nV  and 1m aV  
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Figure 6-17 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with v yvfρ  for 1nV  and 1m aV  

 
Figure 6-18 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with 2be ybefρ  for 1nV  and 1m aV  
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Figure 6-19 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with normalized axial force for 1nV  and 1m aV  

 
Figure 6-20 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with cf ′  for 1nV  and 1m aV  
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Figure 6-21 Variation of the ratio of predicted ( 1m aV ) and experimental shear strengths 

(normalized using total wall area and cf ′ ) with moment-to-shear ratio 

valid for the range of data it was created from, namely, between 0.25 and 2.0 for aspect ratio; 0 
and 835 psi for h yhfρ ; 0 and 1862 psi for v yvfρ ; 0 and 2051 psi for 2be ybefρ ; 0 and 14.3% for 

w cP / A f ′ ; and 1991 and 6643 psi for cf ′ . Model 1m aV  predicts the experimental peak shear 
strength accurately for heavily reinforced walls and for walls that were subjected to relatively 
high axial forces, namely, w cP / A f ′>0.10. 

6.4.5 Barbell and Flanged Walls 

The finite element analysis results presented in Section 5 show that the peak shear strength of 
squat barbell walls can be predicted reasonably well using VecTor2. Therefore, it is assumed that 
barbells are fully effective in resisting shear in squat walls. In contrast, flanges are less stiff in 
the loading direction than barbells and an assumption of effective flange width is needed to 
calculate their peak shear strength. As shown in Section 5, peak shear strength was overestimated 
using VecTor2 for some walls with wide flanges. Herein, the peak shear model introduced in 
Equation 6-6 is optimized using different effective flange widths. The barbell and flanged wall 
datasets are merged since both cross-section types result in a similar history of damage in squat 
walls (i.e., shear cracking, concrete spalling and crushing, and diagonal compression failure). 
The barbell and flanged walls in the database failed mostly under diagonal compression, which 
may be attributed to the effect of the boundary elements that restrain the widening of the web 
cracks. Once the cracking in the web area is limited, the demand on the compression concrete 
struts increase and lateral load is transferred mostly through the compression struts until a 
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diagonal compression failure occurs. The analyses presented in this section are also performed 
using walls that were tested using a cantilever test fixture. 

The calculation of the unknown coefficients for the peak shear model of Equation 6-6 for walls 
with boundary elements requires an assumption of effective flange width ( effb ) for the flanged 
walls. Herein, the model coefficients are obtained for four different effective flange widths. The 
first case assumes that flanges are fully effective in resisting peak shear ( eff fb b= ). For the other 
three cases, the effective flange width are assumed equal to fractions of wall height5, namely, wh , 

2wh / , and 4wh / . In addition, the model coefficients are calculated by assuming a concrete 

contribution term as a function of either cf ′  or cf ′  for each effective flange width case. 
Therefore, the performances of eight models presented in Table 6-13 are investigated to predict 
the peak shear strength of squat walls with boundary elements. In addition, two other peak shear 
models based on the procedures of Chapter 21.9 of ACI 318-08 (Equation 6-7) and ASCE 43-05 
(Equation 6-8) are optimized similarly and the performance of the ten models is compared with 
the currently used procedures. The coefficients calculated using the barbell and flanged walls 
dataset for the ten models based on Equations 6-6 through 6-8 are presented in Table 6-14. Table 
6-15 presents the statistics for the ratio of the predicted to experimental peak shear strength using 
the five procedures investigated in Section 4 and ten models created herein for squat walls with 
boundary elements. Table 6-16 presents similar statistics for the eight models created based on 
Equation 6-6 but the statistics are presented separately for barbell and flanged walls to 
investigate the performance of each model for each cross-section type. The data presented in 
Table 6-14 through Table 6-16 for models 1m aV  through 1m hV  is obtained by setting an upper 
limit of 0.15 on t cP / A f ′  because a preliminary analysis showed that these models overestimated 
the peak shear strength of walls with t cP / A f ′  of greater than 0.15. 

As seen in Table 6-15, model 1m eV , which uses an effective flange width of 2wh /  and a concrete 
contribution term as a linear function of cf ′ , provides the best estimates of the peak shear 
strength with a median ratio of predicted to experimental peak shear strength of 0.99 and a 
coefficient of variation of 0.11, which is the smallest among the models investigated. The model 
also yields the smallest error (or residual) sum of squares statistics among the ten models 
considered. Note that the best model for the rectangular wall dataset was obtained for the model 
that uses a concrete contribution term based on cf ′ , which is not the case for walls with 
boundary elements. The model that uses an effective flange width of 2wh /  and a concrete 

contribution term with cf ′  ( 1m fV ) yields a coefficient of variation of 0.134, which is much 
higher than that observed for model 1m eV  (COV = 0.11). Figure 6-22 shows the variation of ratio 
of predicted to experimental peak shear strength with cf ′  for models 1m eV  and 1m fV . The use of a 

concrete contribution term based on cf ′  underestimates the peak shear strength of walls with  

                                                 
5A similar approach is used in ACI 318-08 to calculate the effective flange widths for flexure and axial load design. 
In ACI 318-08, unless a more detailed analysis is performed, the effective flange widths are required to be extended 
from the face of the web to the smaller of one-half the distance to an adjacent wall web and 25% of the total wall 
height. 
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Table 6-13 Effective flange width and concrete contribution term specifications for the 
eight models used to predict the peak shear strength of squat walls with boundary elements 

Model 
ID effb  2β  

1m aV  fb  1.0 

1m bV  fb  0.5 

1m cV  wh  1.0 

1m dV  wh  0.5 

1m eV  2wh /  1.0 

1m fV  2wh /  0.5 

1m gV  4wh /  1.0 

1m hV  4wh /  0.5 
 

Table 6-14 Coefficients calculated for the eleven models defined using Equations 6-6 
through 6-8 

Model 
ID 1β  2β  3β  4β  5β  6β  7β  

1m aV  0.04 1.0 0.30 0.12 0.12 0.37 0.51 

1m bV  2.08 0.5 0.29 0.18 0.11 0.39 0.57 

1m cV  0.04 1.0 0.34 0.05 0.13 0.35 0.49 

1m dV  2.49 0.5 0.33 0.09 0.11 0.36 0.53 

1m eV  0.04 1.0 0.43 -0.09 0.14 0.34 0.48 

1m fV  2.91 0.5 0.43 -0.06 0.11 0.35 0.51 

1m gV  0.05 1.0 0.52 -0.12 0.13 0.32 0.48 

1m hV  3.21 0.5 0.52 -0.09 0.09 0.33 0.51 

2mV  10.70 0.22  

3mV  17.42 14.77 0.93 0.56  

higher concrete strength. Model 1m eV  successfully predicts peak shear strength across a wide 
range of concrete compressive strength. As seen in Table 6-15, the optimized ACI 318-08 ( 2mV ) 
and ASCE 43-05 ( 3mV ) procedures perform better than the codified versions ( 1nV  and 4nV , 
respectively) but are poorer than that of model 1m eV . 
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Table 6-15 Statistics for the ratio of predicted to experimental peak shear strength 
obtained using five procedures investigated in Section 4, eight models based on Equation 6-

6, and two models based on Equations 6-7 and 6-8 

 Mean Median St. 
Dev. COV Min Max % Over- 

Predictions SSE 

1n peakV / V  0.86 0.82 0.370 0.429 0.182 2.984 28.8 3971144

2n peakV / V  0.79 0.76 0.283 0.359 0.207 2.432 21.6 4953880

3n peakV / V  0.80 0.79 0.195 0.243 0.404 1.389 13.1 3980676

4n peakV / V  0.89 0.86 0.223 0.251 0.467 1.462 30.1 2736754

5n peakV / V  0.52 0.48 0.165 0.317 0.269 1.026 0.7 9638110

1 /m a peakV V  1.00 0.98 0.151 0.151 0.725 1.688 46.4 548395 

1 /m b peakV V  1.00 1.00 0.173 0.173 0.702 1.860 48.4 649504 

1 /m c peakV V  1.00 0.99 0.130 0.130 0.723 1.445 47.7 482817 

1 /m d peakV V  1.00 1.00 0.151 0.151 0.704 1.625 49.0 575108 

1 /m e peakV V  1.00 0.99 0.110 0.110 0.705 1.264 44.4 432125 

1 /m f peakV V  1.00 0.99 0.134 0.134 0.680 1.383 43.8 545335 

1 /m g peakV V  1.00 0.99 0.129 0.129 0.672 1.344 45.8 597209 

1 /m h peakV V  1.00 0.98 0.151 0.151 0.649 1.428 43.1 742765 

2m peakV / V  1.00 0.92 0.307 0.307 0.544 2.379 35.3 1906717

3m peakV / V  1.00 0.95 0.216 0.216 0.581 1.600 39.9 886590 

Another interesting observation is that 4β  for model 1m eV , which is related to the contribution of 
horizontal web reinforcement ratio to peak shear strength, is less than zero. A relatively small 
value for 4β  may be expected as seen in the peak shear model created for rectangular walls and 
the numerical experimentation presented in Section 6.3. However, a negative value may be a 
result of either experimental variability and/or multicollinearity6 between the vertical and 
horizontal web reinforcement ratios since most walls were constructed using similar 
reinforcement ratios in the horizontal and vertical directions. Therefore, the term associated with 
the contribution of horizontal web reinforcement to peak shear strength is eliminated and the 
remaining coefficients are recalculated in the next section that presents simplified versions of the 
peak shear strength models suitable for implementation in codes and standards. 

The statistics presented in Table 6-16 show that assumption of fully effective flanges on average 
results in an overestimation of the experimental peak shear strengths for flanged walls and  

                                                 
6 Intercorrelation between the predictor variables. 



174 

Table 6-16 Statistics for the ratio of predicted to experimental peak shear strength 
obtained using the eight models based on Equation 6-6 

 Cross-
Section Mean Median St. 

Dev. COV Min Max % Over- 
Predictions

Barbell 0.95 0.94 0.105 0.111 0.728 1.191 27.8 
1 /m a peakV V  

Flanged 1.05 1.05 0.172 0.163 0.725 1.688 66.2 

Barbell 0.96 0.95 0.142 0.148 0.702 1.284 35.4 
1 /m b peakV V  

Flanged 1.04 1.03 0.193 0.185 0.712 1.860 62.2 

Barbell 0.95 0.94 0.102 0.106 0.738 1.183 27.8 
1 /m c peakV V  

Flanged 1.05 1.05 0.139 0.132 0.723 1.445 68.9 

Barbell 0.97 0.95 0.136 0.141 0.713 1.268 34.2 
1 /m d peakV V  

Flanged 1.04 1.04 0.157 0.152 0.704 1.625 64.9 

Barbell 0.99 0.98 0.106 0.106 0.780 1.261 40.5 
1 /m e peakV V  

Flanged 1.01 1.00 0.115 0.114 0.705 1.264 48.6 

Barbell 1.00 0.98 0.141 0.141 0.750 1.342 43.0 
1 /m f peakV V  

Flanged 1.00 0.99 0.126 0.126 0.680 1.383 44.6 

Barbell 1.05 1.04 0.109 0.104 0.819 1.344 63.3 
1 /m g peakV V  

Flanged 0.95 0.95 0.130 0.137 0.672 1.246 27.0 

Barbell 1.05 1.04 0.145 0.138 0.790 1.428 57.0 
1 /m h peakV V  

Flanged 0.95 0.95 0.138 0.146 0.649 1.339 28.4 

underestimation of those with barbells (see rows 1 through 4 in Table 6-16). In contrast, an 
assumption of an effective flange width of / 4wh  results on average in an underestimation of the 
experimental peak shear strengths for flanged walls and overestimation of those of barbells (see 
rows 13 through 16 in Table 6-16). The assumption of an effective flange width of / 2wh  for 
flanged walls results on average in an accurate prediction of the experimental peak shear 
strength. 

Figure 6-23 through Figure 6-28 present the variation of the ratio of calculated to experimental 
shear strengths for model 1m eV  with aspect ratio, cf ′ , normalized axial force, horizontal web 
reinforcement ratio, vertical web reinforcement ratio, and vertical boundary element 
reinforcement ratio, respectively. As seen in the figures, the data points are generally scattered in 
a shallow band around 1.0 for both cross-section types. The majority of the ratios associated with 
model 1m eV  are between 0.75 and 1.25. The observed trends in the figures are generally weak 
indicating that the model can successfully simulate the peak shear strength of squat walls with  
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a) Model 1m eV  b) Model 1m fV  

Figure 6-22 Variation of ratio of predicted shear strength to experimental peak shear 
strength with cf ′  for 1m eV  and 1m fV  procedures 

 
Figure 6-23 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with aspect ratio for model 1m eV  

boundary elements within the ranges of the design variables considered. Figure 6-29 and Figure 
6-30 present the variation of the ratio of predicted to experimental shear strength with be tA / A  
and f wb / h , respectively, where be tA / A  is the ratio of the total boundary element area to total  
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Figure 6-24 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with cf ′  for model 1m eV  

 
Figure 6-25 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with normalized axial force for model 1m eV  
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Figure 6-26 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with h yhfρ  for model 1m eV  

 
Figure 6-27 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with v yvfρ  for model 1m eV  
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Figure 6-28 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with 2be ybefρ  for model 1m eV  

 
Figure 6-29 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with be tA / A  for model 1m eV  
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Figure 6-30 Variation of the ratio of predicted shear strength to experimental peak shear 

strength with f wb / h  for model 1m eV  and flanged walls 

wall area7. The weak trends seen in Figure 6-29 indicate that the model can successfully account 
for the effect of the area of barbells or flanges on peak shear strength. The data of Figure 6-30, 
which is relevant only to squat flanged walls, indicate that the assumption of an effective flange 
width of 2wh /  is reasonable. As seen in the figure, the ratios of predicted to experimental peak 
shear strengths do not exhibit a trend with respect to the ratio of flange width to wall height. 

Figure 6-31 presents the variation of experimental peak shear and peak shear calculated using 
model 1m eV  (normalized with total wall area and cf ′ ) with aspect ratio. As seen in the figure 
and for similar to rectangular walls, the need for an upper shear stress limit on model 1m eV  is 
unclear at this time since the procedure did not yield unconservative estimations of the peak 
shear strength for walls that developed relatively high shear stresses. Equation 1m eV  is valid for 
the range of data it was created from, namely, between 0.20 and 1.02 for aspect ratio; 0 and 1672 
psi for h yhfρ ; 0 and 1953 psi for v yvfρ ; and 155 and 1884 psi for 2be ybefρ . The model 1m eV  
yielded accurate predictions of the experimental peak shear strength for heavily reinforced walls. 

6.5 Empirical Equations for Peak Shear Strength 

The empirical equations of Section 6.4 provide substantially better estimations of the peak shear 
strength of squat reinforced concrete walls than the procedures in codes, standards, and the 
literature. In this section, the optimized peak shear-strength equations of Section 6.4 are 
                                                 
7 Total wall area is calculated using an effective flange width of one-half the wall height for walls with flanges. 
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Figure 6-31 Variation of the ratio of predicted ( 1m eV ) and experimental shear strengths 

(normalized using total wall area and cf ′ ) with moment-to-shear ratio 

simplified with a little sacrifice in performance into a form suitable for application in a design 
office. In Section 6.4, it was shown that model 1m aV  performed best for rectangular walls and 
model 1m eV  performed best for walls with barbells or flanges and so these models are used as the 
basis for the code-oriented design equations. To simplify these equations, two additional changes 
are made to model 1m aV  for rectangular walls and model 1m eV  for walls with boundary elements:   

1. The numerical analyses performed using VecTor2 in Section 6.3 and the evaluation of 
available data (see Section 6.4) show that the effect of horizontal web reinforcement ratio 
on peak shear strength is modest in comparison with the effects of other variables. 
Accordingly, a term associated with horizontal web reinforcement ratio is not included in 
the equations for walls with either rectangular cross-sections or with boundary elements. 

2. The coefficient 7β , which is associated with aspect ratio in Equation 6-6 [i.e., 7( / )w wh l β ] 
is 0.58 for model 1m aV  for rectangular walls and 0.48 for model 1m eV  for walls with 
boundary elements was. This coefficient is set equal to 0.5 below. 

The proposed peak shear strength equation for shear-critical rectangular walls with an aspect 
ratio of 1.0 or less ( recV ) is presented in Equation 6-9: 

 
1 5 0 25 0 20 0 40c w vw vbe

rec
w w

. f A . F . F . P
V

h / l

′ + + +
=  (6-9) 
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where wA   is the wall area, cf ′  is the compressive strength of concrete, vwF  is the force attributed 
to vertical web reinforcement (calculated as the product of area of vertical web reinforcement 
with reinforcement yield stress), beF  is the force attributed to boundary element reinforcement 
(calculated as the product of total area of vertical boundary element reinforcement at each end of 
the wall and the reinforcement yield stress), P  is the axial force, wh  is the wall height, and wl  is 
the wall length. 

The performance of models 1m aV  and recV  is compared in Table 6-17; the coefficients of variation 
for the two models are similar. 

Table 6-17 Statistics for the ratio of predicted to experimental peak shear strengths 
obtained using models 1m aV  and recV   

 Mean Median St. 
Dev. COV Min Max 

1m a peakV / V  1.00 0.99 0.135 0.135 0.746 1.359 

rec peakV / V  0.98 0.95 0.135 0.138 0.720 1.319 

Consider now Figure 6-21. The experimentally measured peak shear strength is always less than 
10 c wf A′  for rectangular walls and so an upper shear stress limit of 10 c wf A′  is imposed on 
Equation 6-9. 

The proposed peak shear strength equation for symmetric shear-critical walls with boundary 
elements and an aspect ratio of 1.0 or less ( BEV ) is presented in Equation 6-10.  

 ( )0 04 0 40 0 15 0 35c t vw vbe
BE

w w

. f A . F . F . P
V

h / l

′ + + +
=  (6-10) 

where tA  is the total wall area for barbell walls and the effective area for flanged walls (equal to 
the sum of the area of the web plus twice the effective flange area, calculated as the product of 
effective flange width, equal to one-half the wall height minus the web thickness, and the flange 
thickness). Equation 6-10 can be applied to all barbell walls and flanged walls for which 

/t wA A ≥ 1.25. For design of flanged walls with 1.0 / 1.25t wA A≤ ≤ , the peak shear strength 
should be taken as the smaller of the values calculated using Equation 6-9 and 6-10. Equation 6-
10 is a simplification of model 1m eV , but the loss of performance is only modest (see Table 6-18). 

Figure 6-31 shows that the experimentally measured peak shear strength of walls with barbells 
and flanges is generally less than 15 c tf A′ . Accordingly, 15 c tf A′  is an appropriate upper limit 
on Equation 6-10 until additional data are available to support an alternative limit. 

The experimental data used to develop the peak shear-strength equations for squat walls was 
based on tests of walls loaded in the plane of the web. For walls with flanges or orthogonal walls 
sharing common boundary elements, where the flanges or boundary elements are subjected to 
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Table 6-18 Statistics for the ratio of predicted to experimental peak shear strengths 
obtained using models 1m eV  and BEV  

 Mean Median St. 
Dev. COV Min Max 

1m e peakV / V  1.00 0.99 0.110 0.110 0.705 1.264 

BE peakV / V  1.02 1.02 0.114 0.112 0.721 1.292 

loading perpendicular to the web, the equations must be used with care because orthogonal 
loading will generally degrade the integrity of the boundary elements and may effectively reduce 
the cross-section to a rectangular shape. Large-scale test data are needed. In the interim, 
Equation 6-10 should only be used for walls with flanges if loading in the plane of the flanges 
does not result in damage. Otherwise, Equation 6-9 should be used. 
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7 MACRO HYSTERETIC MODELING OF SQUAT 
REINFORCED CONCRETE WALLS 

7.1 Introduction 

Section 5 of this report introduced finite element models of squat reinforced concrete walls and 
presented strategies and made recommendations for modeling such walls under monotonic and 
cyclic (earthquake-type) loading. Detailed finite element models of such walls are appropriate 
for research but are not appropriate for either design or performance-based assessment of 
buildings and infrastructure that include squat walls. For design and/or performance assessment, 
macro-level hysteretic models of building components are generally needed, where the macro 
models reproduce cyclic force-displacement relationships at the story level. 

A robust (empirical) macro model for a squat or shear-critical squat wall should be able to 
reproduce monotonic and cyclic response with reasonable accuracy. Unfortunately, empirical 
macro models generally include a large number of parameters, most of which have to be 
determined by calibration of experimental data. Although physics-based models are preferable to 
empirical models, a physics-based representation of squat wall response is unavailable at this 
time and large-scale testing of squat wall specimens will be required to provide the required 
knowledge and technical basis. 

Macro models of reinforced concrete walls have been proposed by many researchers, including 
Kabeyasawa et al. (1982), Vulcano and Bertero (1987), Sozen and Moehle (1993), and Orakcal 
et al. (2006) among others. Many of these models include combinations of nonlinear springs to 
accommodate flexural, shear, and sliding responses. Degradation in shear resistance with 
repeated cycling has been the major challenge facing the modelers. The simplest macro model is 
the piece-wise linear representation of the shearing force-horizontal displacement relationships 
(also known as a backbone or skeleton curve). ASCE 41-06 [ASCE (2007)] includes the 
backbone shearing force-horizontal displacement relationship for the cyclic response of squat 
walls presented in Figure 1-8, where the control points are for yielding (point B) and peak shear 
(point C). Wallace (2007) recommended changes to this cyclic loading backbone relationship as 
presented in Figure 2-1, where an additional control point was added to represent cracking (point 
F). The success of these backbone curves in modeling wall behavior is directly related to 
accurate prediction of their control points. A more detailed review of macro models used for 
reinforced concrete walls is presented in Sections 1 and 2. 

Herein, the objective is to simulate the load (shearing force)-(horizontal) displacement response 
of a limited number of squat walls using a hysteretic macro model. Significant effort has been 
expended developing hysteretic models, with key contributions from Bouc (1967), Takeda et al. 
(1970), Wen (1976), Sivaselvan and Reinhorn (2000), and Ibarra et al. (2005). The hysteretic 
model proposed by Ibarra et al. (2005) is used in this study. This model includes energy-
controlled strength and stiffness degradation under cyclic loading and can simulate successfully 
the response of steel [Lignos (2008)] and reinforced concrete components under cyclic loading. 
Values of model parameters (i.e., control points associated with the backbone curve and 
hysteretic energy capacities for deterioration modes) are obtained for squat walls by calibration 
of a small set of test data mined from the database of Section 3 and Appendix A. 



184 

Ibarra et al. (2005) modified three traditional hysteretic models, namely, bilinear, peak-oriented, 
and pinching to incorporate four cyclic deterioration modes: basic strength, post-capping 
strength, unloading stiffness, and accelerated stiffness. An energy-based approach is used to 
implement these deterioration modes. The (simple) bilinear model is based on bilinear hysteretic 
rules with kinematic hardening. The peak-oriented model uses the hysteretic rules proposed by 
Clough and Johnston (1966) as later modified by Mahin and Bertero (1976). The pinching model 
is similar to the peak-oriented model except that the reloading curve includes two segments to 
simulate pinched hysteretic behavior that is a characteristic of squat walls. For this reason, the 
pinching model is selected for the analyses performed in this section. This model is referred to as 
the Ibarra-Krawinkler pinching (IKP) model hereafter and is introduced in the following section. 

7.2  Ibarra-Krawinkler Pinching (IKP) Model 

7.2.1 Backbone Curve 

The three Ibarra et al. (2005) hysteretic models are defined using one backbone force-
displacement curve, which is presented in Figure 7-1. This backbone curve is piece-wise linear 
and includes three control points, which correspond to changes in wall stiffness with increasing 
displacement or drift. The first control point is associated with yielding, the second corresponds 
to peak strength, and the third point is associated with residual strength. 

In Figure 7-1, eK  is the elastic stiffness, yF  is the yield strength, cF  is the peak strength, rF  
( yFλ ) is the residual strength, sK  ( s eKα ) is the post-yielding stiffness, cK  ( c eKα ) is the  
(negative) post-capping stiffness, yδ  is the displacement at yield, cδ  is the displacement at peak 
strength, and rδ  is the displacement beyond which lateral strength is assumed equal to the 
residual strength ( rF ). 

The backbone curve for the IKP model aims to simulate the load-displacement response of a 
component subjected to monotonically increasing displacement. Some of the parameters can be 
predicted analytically (e.g., elastic stiffness, peak shear strength) but others require calibration 
using experimental data (e.g., yield strength). 

7.2.2 Model Rules – No Cyclic Deterioration 

Figure 7-2 presents a load-displacement relationship constructed following the IKP model. In 
this figure (and in Figure 7-3 through Figure 7-6), the dashed lines represent the backbone curve. 
As shown in Figure 7-2, the load-displacement relationship follows the backbone curve up to the 
displacement at which the component is unloaded (point A). In the absence of deterioration, the 
unloading stiffness is equal to the elastic stiffness ( eK ). The reloading part of the load-
displacement relationship consists of two segments with stiffnesses _rel aK  and _rel bK . Reloading 
(represented by stiffness _rel aK ) is directed initially towards a control point that is a function of 
the maximum force (e.g., 1F +  in Figure 7-2) and the maximum residual displacement (e.g., 1rδ +  
in Figure 7-2) in the same quadrant of the previous cycle. As seen in Figure 7-2, the control point 
associated with the pinching region (point E) is established using the displacement coordinate  
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Figure 7-1 Backbone curve for the Ibarra et al. (2005) hysteretic models 

( ) 11 D rκ δ +−  and force coordinate of 1F Fκ +  for the second displacement cycle. The coefficients 

Dκ  and Fκ  are empirical parameters that must be determined using experimental data. The 
second part of the reloading (represented by stiffness _rel bK ) targets the maximum displacement 
achieved in the same quadrant in the previous cycle (e.g., 1tδ +  in Figure 7-2). 

The only exception to these rules for the non-deteriorating IKP model is for the initial loading in 
the negative direction that starts at point B in Figure 7-2. In this case, since there is no prior 
history to determine the location of the control point, the reloading stiffness _rel aK  is calculated 
using a fraction of the yield strength and the yield displacement ( ,y F yFδ κ− − ) and the 
corresponding control point (point C) is taken as zero-displacement intercept. The second part of 
the loading, defined by stiffness _rel bK , is directed to the control point associated with yielding 
in the third quadrant (point D). 

7.2.3 Cyclic Deterioration Rules 

Four cyclic deterioration modes, namely, basic strength, post-capping strength, unloading 
stiffness, and accelerated stiffness, are implemented in the IKP model. These deterioration modes 
are implemented if the specimen displacement exceeds the yield displacement. All four 
deterioration modes are implemented using a parameter that is a function of energy dissipated 
under cyclic loading using the rules proposed by Rahnama and Krawinkler (1993). The 
deterioration parameter in excursion i ( iβ ) is calculated as: 
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Figure 7-2 Basic rules for the pinching hysteretic model 
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⎢ ⎥⎝ ⎠⎣ ⎦

∑  (7-1) 

where iE  is the hysteretic energy dissipated in excursion i, jEΣ  is the sum of the hysteretic 
energy dissipated in all previous excursions, tE  is the inherent hysteretic energy dissipation 
capacity that is equal to y yFγ δ , and c  determines the rate of deterioration. Note that the rate of 
deterioration can differ for each deterioration mode by assuming different hysteretic energy 
capacities and/or rates of deterioration ( c ). The deterioration parameter is re-calculated each 
time the force changes sign and the parameters for the corresponding deterioration modes are 
updated accordingly. The deterioration parameter is calculated twice in each displacement cycle, 
once for loading in the positive direction and once for loading in the negative direction. 

The parameter iβ  takes values within the interval 0 iβ< ≤ 1. The condition that iβ  takes values 
outside this interval, as defined by Equation 7-2, identifies collapse. 
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F E Eγ δ
=

− <∑  (7-2) 

According to Rahnama and Krawinkler (1993), a reasonable range for coefficient c  in Equation 
7-1 is between 1.0 and 2.0. For cyclic loading at a constant displacement amplitude, a value of c 
equal to 1.0 refers to a constant rate of deterioration and c equal to 2.0 refers to an increasing rate 
of deterioration with number of cycles. Each deterioration mode is described below. 

7.2.3.1 Basic Strength Deterioration 

Basic strength deterioration corresponds to reduction in yield strength ( yF  in the backbone 
curve) and post-yielding stiffness ( sK  in the backbone curve) with cyclic loading. Equation 7-3 
presents the mathematical representation of this deterioration mode. 

 ( ) ( )/ / / /
, , , 1 , , , 11 ; 1y k s i y k s k s i s kF F K Kβ β+ − + − + − + −

− −= − = −  (7-3) 

where k is the number of the displacement cycle and all other terms have been described 
previously. The deterioration parameter sβ  is calculated at points A and B in this example, or 
more generally, as the force changes arithmetic sign, which identifies reloading in the opposite 
direction. The yield strength and the post-yielding stiffness in the direction of the loading are 
updated using the deterioration parameter calculated using Equation 7-3. Figure 7-3 illustrates 
the effect of the basic strength deterioration mode on hysteretic response. 

 
Figure 7-3 Basic strength deterioration mode 
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In Figure 7-3, the yield strength and the post-yield stiffness in the first quadrant of the first 
displacement cycle are yF  and sK , respectively. In the second displacement cycle, the 
corresponding values are reduced to 2yF +  and ,2sK + . 

7.2.3.2 Post-Capping Strength Deterioration 

Post-capping1 strength deterioration corresponds to translation of the post-capping branch 
towards the origin as shown in Figure 7-4; points A and B illustrate the translation in the first 
quadrant. The post-capping stiffness ( cK ) is kept constant as the post-capping branch is 
translated. For the first and third quadrants of displacement cycle k, the post-capping strength 
deterioration can be represented as: 

 ( )/ /
, , , 11ref k c i ref kF Fβ+ − + −

−= −  (7-4) 

where ,ref kF  is the reference force for displacement cycle k. The reference force diminishes with 
repeated cyclic loading using parameter cβ  calculated using Equation 7-4. 

 
Figure 7-4 Post-capping strength deterioration mode 

                                                 
1 Capping point is defined by the displacement coordinate δc and the force coordinate Fc (see Figure 7-1). 
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7.2.3.3 Unloading Stiffness Deterioration 

In this mode, the unloading stiffness diminishes or deteriorates with repeated cyclic loading 
using Equation 7-5. 

 ( ), , , 11u i k i u iK Kβ −= −  (7-5) 

where i is the excursion number. In the other three deterioration modes, the rate of deterioration 
is determined using the data recorded in the same quadrant of the previous displacement cycle. 
However, for the unloading stiffness deterioration mode, the unloading stiffness is updated using 
the unloading stiffness recorded previously in the opposite direction. 

Figure 7-5 illustrates the effect of the unloading stiffness deterioration mode on the hysteretic 
response. For example, in Figure 7-5, the unloading stiffness ,1uK  is obtained using the elastic 
stiffness eK  and Equation 7-5 and the unloading stiffness ,2uK  is calculated using ,1uK  and 
Equation 7-5. 

 
Figure 7-5 Unloading stiffness deterioration mode 

7.2.3.4 Accelerated Stiffness Deterioration 

The accelerated stiffness deterioration mode is associated with increasing the absolute value of 
the target displacement to diminish or deteriorate the reloading stiffness. Figure 7-6 illustrates 
the effect of the accelerated stiffness deterioration mode on the hysteretic response. As 
mentioned previously, the target displacement during the reloading phase is equal to the  
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Figure 7-6 Accelerated stiffness deterioration mode 

maximum displacement achieved in the same quadrant of the previous displacement cycle 
( , 1t kδ − ). In the accelerated stiffness deterioration mode, the target displacement that determines 
the reloading stiffness ( ,rel bK ) is updated using Equation 7-6. 

 ( )/ /
, , , 11t k a i t kδ β δ+ − + −

−= +  (7-6) 

7.3 Calibration of Model Parameters Using Experimental Data 

7.3.1 Introduction 

Every structural component possesses different hysteretic behavior characteristics. The key 
hysteretic characteristics of squat walls include pinching, relatively poor energy dissipation 
capacity, and rapid loss of stiffness with repeated cyclic loading. The objective herein is to 
identify values of the parameters for the IKP model that enable realistic simulation of the 
response of squat reinforced concrete walls that represent a relatively small design space. 
Experimental load-displacement data in a digital format are required for this purpose. 

The digital load (shearing force)-(horizontal) displacement relationships provided by Salonikios 
et al. (1999) for six walls and Palermo and Vecchio (2002b) for one wall are used to generate the 
macro hysteretic models. Table 7-1 presents the design space associated with these seven 
specimens. The utility of the macro models is described using figures that compare measured and 
predicted hysteretic response. 
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Table 7-1 Design space 

Researcher Wall ID Cross-
Section 

/w wh l  / t cP A f ′
(%) 

hρ  
(%) 

vρ  
(%) 

beρ  
(%) 

cf ′  
(psi) 

Salonikios LSW1 Rectangular 1.0 0.0 0.57 0.57 1.70 3219 
Salonikios LSW2 Rectangular 1.0 0.0 0.28 0.28 1.30 3132 
Salonikios LSW3 Rectangular 1.0 7.0 0.28 0.28 1.30 3466 
Salonikios MSW1 Rectangular 1.5 0.0 0.57 0.57 1.70 3785 
Salonikios MSW3 Rectangular 1.5 7.0 0.28 0.28 1.30 3495 
Salonikios MSW6 Rectangular 1.5 0.0 0.57 0.57 1.70 3988 
Palermo DP1 Flanged 0.66 5.4 0.76 0.82 0.37 3147 

The availability of data limits the scope of the analysis presented here. The utility of the models, 
size of the design space and the accuracy of the proposed model parameters (and their 
dependence on squat wall design variables such as aspect ratio, rebar ratio, and concrete 
strength) could be improved by analysis of additional data generated by either robust finite 
element analysis or physical simulation. 

7.3.2 Modeling Assumptions 

To implement the IKP model as intended by Ibarra et al. (2005), two walls of identical 
construction and materials have to be tested using: 1) monotonic loading to failure to identify the 
backbone curve, and 2) cyclic loading to identify the model parameters for the fourdeterioration 
modes. Although the database of Section 3 includes 434 squat walls, such test data are 
unavailable for any wall, which required the use of an alternate procedure.  

Digital load-displacement data is available for the seven cyclically loaded walls identified above. 
The experimental backbone curves for these walls are obtained from the cyclic load-
displacement relationships. The basic strength and post-capping strength deterioration modes are 
set aside because these deterioration modes are related to degradation of the backbone curve 
under cyclic loading as presented in Sections 7.2.3.1 and 7.2.3.2. Figure 7-7 illustrates the 
backbone curve identified for wall LSW1 tested by Salonikios et al. (1999). 

As presented in Figure 7-1, the Ibarra-Krawinkler backbone curve is piece-wise linear with three 
line segments corresponding to the stages of elastic, post-yielding, and post-capping response. 
Therefore, the experimentally obtained backbone curves have to be represented in this form. The 
elastic wall stiffness ( eK ), peak strength ( cF ), and the displacement at peak strength ( cδ ) can be 
obtained directly from the experimental backbone curve. However, the control point associated 
with yielding (i.e., [ yδ , yF ]) and the post-capping stiffness ( cK )  must be estimated. The post-
yielding stiffness ( sK ) is calculated once the yielding control point is established. The 
optimization routine fmincon in MATLAB [The Mathworks, Inc. (2006)] is used to identify the 
yield strength ( yF ), the corresponding displacement ( yδ ), and the post-capping stiffness ( cK ). 
The optimized backbone curve is shown in Figure 7-8. The optimization is performed assuming: 
a) the elastic stiffness ( eK ) for the calculated backbone curve is equal to that obtained  
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Figure 7-7 Cyclic load-displacement relationship and the corresponding backbone curve 

for wall LSW1 tested by Salonikios et al. (1999) 

 
Figure 7-8 Experimental and calculated backbone relationships for wall LSW1 tested by 

Salonikios et al. (1999) 
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experimentally, b) the peak strength ( cF ) and the corresponding displacement ( cδ ) for the 
calculated backbone curve are equal to those obtained experimentally, and c) the areas under the 
calculated backbone curve and the experimentally obtained backbone curve are equal. A residual 
strength for the backbone curve (see rF  in Figure 7-1) could not be identified using the 
experimental data because the tests were terminated before the wall shear strength dropped 
significantly. Accordingly, residual strength for the backbone curve is not considered here. 

Table 7-2 presents the analytical backbone curve parameters obtained using the first quadrant 
data of the experimental load-displacement relationships for the seven test specimens. 

The IKP pinching model is formulated in MATLAB [The MathWorks, Inc. (2006)]. The 
computed2 values for the hysteretic model parameters are listed in Table 7-3. 

Table 7-2 Calculated backbone parameters 

Researcher Wall 
ID 

eK  
(kN/mm) 

yF  
(kN) 

yδ  
(mm) 

cF  
(kN) 

cδ  
(mm) 

y

c

F
F

 sα  
(%) 

cα  
(%) 

Salonikios LSW1 192 203 1.1 263 6.1 0.77 6.2 -6.1 
Salonikios LSW2 148 156 1.1 193 5.0 0.81 6.3 -7.1 
Salonikios LSW3 90.4 228 2.5 268 4.7 0.85 20.2 -7.5 
Salonikios MSW1 42.4 153 3.6 197 11.9 0.78 12.6 -7.4 
Salonikios MSW3 47.6 147 3.1 176 9.9 0.83 9.0 -5.5 
Salonikios MSW6 291 127 4.4 202 16.1 0.63 22.2 -17.0
Palermo DP1 288 1069 3.7 1300 11.0 0.82 10.9 -37.7

1. Wall included a cold-joint between the wall web and the foundation; its elastic stiffness is much lower than 
those of comparable specimens (MSW1 and MSW3). 

Table 7-3 Calculated pinching and deterioration parameters 

Researcher Wall ID Fκ  Dκ  kγ  aγ  kc  ac  

Salonikios LSW1 0.30 0.40 150 150 1 1 
Salonikios LSW2 0.30 0.45 165 165 1 1 
Salonikios LSW3 0.70 0.70 130 100 1 1 
Salonikios MSW1 0.50 0.40 170 170 1 1 
Salonikios MSW3 0.60 0.40 175 175 1 1 
Salonikios MSW6 0.50 0.50 225 125 1 1 
Palermo DP1 0.20 0.50 35 30 1 1 

For all seven walls, the best results are obtained using kc  and ac  equal to 1.0, which corresponds 
to a constant rate of deterioration over the loading history. A greater value (e.g., 2) for kc  and ac  

                                                 
2 A standard least squares fit is used to minimize the difference between the hysteretic dissipated energy in the 
experiment and the analytical prediction. 
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for a constant amplitude displacement history corresponds to slow degradation in early cycles 
and fast degradation in latter cycles of loading. Identical values of kγ  and aγ  could be used to 
simulate the response of walls LSW1, LSW2, LSW3, MSW1, and MSW3, whereas a greater 
value kγ  produces better results for MSW6 and DP1.  

The coefficients kγ  and aγ , normalized by y yF δ , characterize the hysteretic energy capacity of a 
wall. As seen in Table 7-3, the walls with larger aspect ratios (MSW1, MSW3, MSW6) have 
relatively higher energy dissipation capacity. This result is expected because such walls can 
dissipate significant energy through flexural yielding. The coefficient Fκ , which determines the 
control point associated with pinching, is smaller for walls with highly pinched hysteretic 
behavior (e.g., wall DP1). More experimental work is needed to better characterize the 
parameters of the IKP model for squat reinforced concrete walls. 

The utility of the hysteretic models defined using the data of Table 7-3 is investigated in Figure 
7-9 by plotting experimentally measured and predicted load-displacement relationships, where 
the predicted responses are computed using the corresponding experimental displacement 
histories. As seen in the figure, the IKP model can simulate reasonably the hysteretic response of 
squat walls. However, the addition of another control point [similar to that of Wallace (2007), 
see Figure 2-1] to the backbone curve of the IKP model would improve significantly the 
accuracy of the predictions, especially for walls similar to DP1 (see Figure 7-9g1). A bilinear 
approximation to the pre-peak shearing force-lateral displacement relationship for the 
experimental backbone curve is likely insufficient. A tri-linear relationship that characterizes the 
elastic, post-cracking, and post-yielding stages of wall response prior peak shearing strength 
would improve the quality of the simulation.  

Another difference between the experimental and IKP-predicted load-displacement relationships 
is the continuity of response. The IKP predictions are piece-wise linear whereas the experimental 
results are continuous.  

The hysteretic response of a small class of squat walls can be predicted with the IKP model, a 
robust backbone curve and the appropriate model parameters of Table 7-3. Care must be 
exercised in the development of the backbone curve and the choice of model parameters. The 
peak shear strength of the squat wall should be computed using either Equation 6-9 or 6-10. 
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a1) Wall LSW1 – Experimental a2) Wall LSW1 – IKP model  

b1) Wall LSW2 – Experimental b2) Wall LSW2 – IKP model  

c1) Wall LSW3 – Experimental c2) Wall LSW3 – IKP model 

Figure 7-9 Experimental [Salonikios et al. (1999), Palermo and Vecchio (2002b)] and 
predicted load-displacement relationships 
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d1) Wall MSW1 – Experimental d2) Wall MSW1 – IKP model  

e1) Wall MSW3 – Experimental e2) Wall MSW3 – IKP model  

f1) Wall MSW6 – Experimental f2) Wall MSW6 – IKP model 

Figure 7-9 Experimental [Salonikios et al. (1999), Palermo and Vecchio (2002b)] and 
predicted load-displacement relationships (cont’d) 
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g1) Wall DP1 – Experimental g2) Wall DP1 – IKP model 

Figure 7-9 Experimental [Salonikios et al. (1999), Palermo and Vecchio (2002b)] and 
predicted load-displacement relationships (cont’d) 
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8 DAMAGE STATES AND FRAGILITY CURVES 
FOR SQUAT REINFORCED CONCRETE WALLS 

8.1 Introduction 

A general framework for seismic performance assessment and loss computations is provided in 
the 50% draft of the ATC-58 Guidelines for Seismic Performance Assessment of Buildings [ATC 
(2008)]. A key component of the framework is fragility functions for components and elements 
of seismic framing systems. Fragility functions relate the probability of exceeding one or more 
damage thresholds (described using damage states and repair measures) to a demand parameter 
such as story drift or component plastic deformation. This section summarizes the development 
of fragility curves for squat reinforced concrete walls. 

Damage states are characterized typically using descriptors such as concrete crack width, extent 
of concrete crushing, sliding shear displacement, and reinforcement yielding and buckling. 
However, to compute dollars losses and estimates of building downtime, damage states must be 
characterized by measures (or scopes) of repair and such descriptions are presented herein, and 
Appendices C, D and E. 

Information is used from experiments on squat walls reported in the literature to generate 
damage data as a function of an efficient demand parameter. Alternate probability distributions 
are used to present the damage data. Goodness-of-fit tests are performed to evaluate the utility of 
these distributions. 

8.2 Summary of Experimental Data 

As presented in Section 3, a significant number of squat reinforced concrete walls have been 
tested in the past 60 years. Most of the experimental programs focused on the maximum strength 
and initial (elastic) stiffness of such walls. The progression of damage with increasing lateral 
displacement (drift) was of secondary interest. Information that is key to the development of 
damage states and fragility curves such as maximum crack width, reinforcement yielding and 
buckling, extent of concrete crushing, and photographs illustrating the condition of specimens at 
various stages of the experiments was not always reported. Accordingly, only a fraction of the 
experimental data presented in Section 3 could be used to develop fragility functions. 

The properties of the test specimens used to develop fragility functions are summarized in Table 
8-1 through Table 8-6. Specimens are grouped with respect to wall geometry: rectangular, 
barbell and flanged. In these tables, P  is axial force; tA  is total wall area; cf ′  is concrete 
compressive strength; wh  is wall height; wl  is wall length; wt  is web thickness; fb  and fh  are 
width and depth of the boundary element, respectively; /M V  is moment-to-shear ratio at the 
base of the wall; beρ  is boundary element reinforcement ratio, vρ  is vertical web reinforcement 
ratio, and hρ  is the horizontal web reinforcement ratio. The column labeled scale in Table 8-2, 
Table 8-4, and Table 8-6 identifies the size of the test specimen with respect to typical building 
construction by presenting the ratio of web panel thickness to 8 inches. The acronym MoR in 
these tables denotes Method of Repair, which is defined in Section 8.4 of this section. 
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Table 8-1 Summary of rectangular wall data used to create fragility functions 

Number of damage 
data per MoR No Reference Wall ID Loading 

/ t cP A f ′
(%) 1 2 3 4 

1 SW4 Cyclic 0.0 1 1 1 1 
2 SW5 Cyclic 0.0 1 1 0 1 
3 SW6 Cyclic 0.0 1 1 1 1 
4 SW7 Cyclic 0.0 1 1 0 1 
5 SW8 Cyclic 0.0 1 1 1 1 
6 

Pilakoutas (1991) 

SW9 Cyclic 0.0 1 1 1 1 
7 M1 Cyclic 2.2 2 1 1 2 
8 M2 Cyclic 2.2 0 1 3 1 
9 M3 Cyclic 9.5 2 1 3 1 

10 

Greifenhagen et al. (2005) 

M4 Monotonic 5.0 2 1 3 1 
11 SW11 Monotonic 0.0 0 0 0 1 
12 SW12 Monotonic 8.7 0 0 0 1 
13 SW13 Monotonic 18.1 2 1 1 0 
14 SW14 Monotonic 0.0 2 1 1 0 
15 SW15 Monotonic 8.8 2 1 1 0 
16 SW16 Monotonic 18.0 2 1 1 0 
17 SW17 Monotonic 0.0 2 1 1 0 
18 SW21 Monotonic 0.0 2 1 1 0 
19 SW22 Monotonic 9.1 2 1 1 0 
20 SW23 Monotonic 18.2 2 1 1 0 
21 SW24 Monotonic 0.0 2 1 1 0 
22 

Lefas et al. (1990) 

SW26 Monotonic 0.0 2 1 1 0 
23 S4 Monotonic 6.7 2 1 1 0 
24 

Maier and Thürlimann (1985)
S9 Cyclic 7.5 2 1 1 0 

25 Wall-1 Cyclic 0.0 1 3 1 0 
26 

Wiradinata (1985) 
Wall-2 Cyclic 0.0 1 3 0 1 

27 Wall-4 Cyclic 0.0 1 3 2 1 
28 

Pilette (1987) 
Wall-5 Cyclic 0.0 1 3 0 1 

29 Wall-7 Cyclic 0.0 2 2 0 1 
30 

Mohammadi-Doostdar (1994)
Wall-8 Cyclic 0.0 1 2 1 1 
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Table 8-1 Summary of rectangular wall data used to create fragility functions (cont’d) 

Number of damage 
data per MoR No Reference Wall ID Loading 

/ t cP A f ′
(%) 1 2 3 4 

31 MSW1 Cyclic 0.0 0 0 0 1 
32 MSW3 Cyclic 7.0 0 0 0 1 
33 MSW6 Cyclic 0.0 0 0 0 1 
34 

Salonikios et al. (1999) 

LSW3 Cyclic 7.0 0 0 0 1 
35 Synge (1980) Wall-1 Cyclic 0.0 1 3 2 1 
36 wp111-9 Cyclic 10.0 1 3 0 1 
37 wp111-10 Cyclic 10.0 1 3 0 1 
38 wp1105-8 Cyclic 5.0 1 3 0 1 
39 wp1105-7 Cyclic 5.0 1 3 0 1 
40 wp110-5 Cyclic 0.0 0 3 0 1 
41 

Massone (2006) 

wp110-6 Monotonic 0.0 0 3 0 1 
42 Xie and Xiao (2000) W-1A Cyclic 9.4 2 0 1 1 
43 23 Cyclic 0.0 2 1 0 1 
44 

Hidalgo et al. (2002) 
27 Cyclic 0.0 3 1 0 1 

45 SW11 Cyclic 0.0 2 2 1 1 
46 SW12 Cyclic 0.0 1 1 1 1 
47 SW13 Cyclic 0.0 3 2 0 1 
48 SW14 Cyclic 0.0 1 1 0 2 
49 SW15 Cyclic 0.0 1 1 1 2 
50 SW16 Cyclic 0.0 0 0 0 1 
51 

Lopes and Elnashai (1991) 

SW17 Monotonic 0.0 0 0 0 1 
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Table 8-2 Geometric and material properties of the rectangular wall data 

No /w wh l  / wM Vl  wh  
(in) 

wl  
(in)

wt  
(in)

Scale fb  
(in)

fh  
(in)

beρ
(%)

vρ  
(%) 

hρ  
(%) 

cf ′  
(psi) 

1 2.00 2.13 47.2 23.6 2.36 0.30 2.4 4.3 6.9 0.50 0.39 5352 
2 2.00 2.13 47.2 23.6 2.36 0.30 2.4 2.4 12.7 0.59 0.31 4612 
3 2.00 2.13 47.2 23.6 2.36 0.30 2.4 4.3 6.9 0.50 0.31 5599 
4 2.00 2.13 47.2 23.6 2.36 0.30 2.4 2.4 12.7 0.59 0.39 4641 
5 2.00 2.13 47.2 23.6 2.36 0.30 2.4 4.3 7.1 0.50 0.28 6643 
6 2.00 2.13 47.2 23.6 2.36 0.30 2.4 4.3 7.1 0.50 0.56 5642 
7 0.61 0.69 24.0 39.4 3.94 0.49 0.0 0.0 0.0 0.34 0.37 7352 
8 0.61 0.69 24.0 39.4 3.94 0.49 0.0 0.0 0.0 0.34 0.00 7395 
9 0.68 0.77 24.0 35.4 3.15 0.39 0.0 0.0 0.0 0.39 0.26 2915 

10 0.68 0.77 24.0 35.4 3.15 0.39 0.0 0.0 0.0 0.39 0.26 3538 
11 1.00 1.10 29.5 29.5 2.76 0.34 3.9 5.1 8.5 2.14 1.17 7140 
12 1.00 1.10 29.5 29.5 2.76 0.34 3.9 5.5 6.5 2.14 1.17 7332 
13 1.00 1.10 29.5 29.5 2.76 0.34 2.8 5.5 3.1 2.14 1.17 5423 
14 1.00 1.10 29.5 29.5 2.76 0.34 2.8 5.5 3.1 2.14 1.17 5642 
15 1.00 1.10 29.5 29.5 2.76 0.34 2.8 5.5 3.1 2.14 1.17 5819 
16 1.00 1.10 29.5 29.5 2.76 0.34 2.8 5.5 3.1 2.14 1.17 7052 
17 1.00 1.10 29.5 29.5 2.76 0.34 2.8 5.5 3.1 2.14 0.37 6553 
18 2.00 2.12 51.2 25.6 2.56 0.32 2.8 5.5 3.1 2.09 0.87 5745 
19 2.00 2.12 51.2 25.6 2.56 0.32 2.8 5.5 3.1 2.09 0.87 6891 
20 2.00 2.12 51.2 25.6 2.56 0.32 2.6 5.5 3.3 2.09 0.87 6480 
21 2.00 2.12 51.2 25.6 2.56 0.32 2.6 5.5 3.3 2.09 0.87 6553 
22 2.00 2.12 51.2 25.6 2.56 0.32 2.6 5.5 3.3 2.09 0.40 3881 
23 1.02 1.12 47.2 46.5 3.94 0.49 2.6 5.5 3.3 1.02 1.01 4772 
24 1.02 1.12 47.2 46.5 3.94 0.49 2.6 5.5 3.3 1.02 0.00 4235 
25 0.50 0.58 39.4 78.7 3.94 0.49 0.0 0.0 0.0 0.59 0.26 3626 
26 0.25 0.33 19.7 78.7 3.94 0.49 0.0 0.0 0.0 0.59 0.26 3191 
27 0.50 0.58 39.4 78.7 3.94 0.49 3.9 12.6 1.3 0.59 0.80 4786 
28 0.50 0.58 39.4 78.7 3.94 0.49 3.9 12.6 1.3 1.07 1.20 3916 
29 0.75 0.82 59.1 78.7 3.94 0.49 3.9 12.6 1.3 0.59 0.80 6527 
30 1.00 1.09 59.1 59.1 3.94 0.49 3.9 9.8 1.6 0.51 0.80 6527 
31 1.50 1.60 70.9 47.2 3.94 0.49 3.9 9.4 1.7 0.57 0.57 3785 
32 1.50 1.60 70.9 47.2 3.94 0.49 3.9 9.4 1.3 0.28 0.28 3495 
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Table 8-2 Geometric and material properties of the rectangular wall data (cont’d) 

No /w wh l  / wM Vl  wh  
(in) 

wl  
(in)

wt  
(in)

Scale fb  
(in)

fh  
(in)

beρ
(%)

vρ  
(%) 

hρ  
(%) 

cf ′  
(psi) 

33 1.50 1.60 70.9 47.2 3.94 0.49 3.9 9.4 1.7 0.57 0.57 3988 
34 1.00 1.10 47.2 47.2 3.94 0.49 3.9 9.4 1.3 0.57 0.57 3219 
35 0.50 0.57 59.1 118.1 3.94 0.49 3.9 9.4 1.9 0.81 1.61 3945 
36 0.89 0.44 48.0 54.0 6.00 0.75 6.0 7.5 0.9 0.25 0.27 4100 
37 0.89 0.44 48.0 54.0 6.00 0.75 6.0 7.5 0.9 0.25 0.27 4550 
38 0.89 0.44 48.0 54.0 6.00 0.75 6.0 7.5 0.9 0.25 0.27 4630 
39 0.89 0.44 48.0 54.0 6.00 0.75 6.0 7.5 0.9 0.25 0.27 4640 
40 0.89 0.44 48.0 54.0 6.00 0.75 6.0 7.5 0.9 0.25 0.27 4340 
41 0.89 0.44 48.0 54.0 6.00 0.75 6.0 7.5 0.9 0.25 0.27 4500 
42 0.50 0.59 48.0 96.0 6.00 0.75 0.0 0.0 0.0 0.37 0.31 4250 
43 1.38 0.69 70.9 51.2 3.94 0.49 1.8 3.1 5.9 0.00 0.25 3655 
44 1.00 0.50 55.1 55.1 3.94 0.49 1.8 3.1 5.9 0.00 0.25 3597 
45 1.90 1.10 33.7 17.7 1.77 0.22 1.8 3.1 5.9 0.39 0.92 6230 
46 1.90 1.10 33.7 17.7 1.77 0.22 1.8 3.1 5.9 0.39 0.92 6421 
47 1.90 1.10 33.7 17.7 1.77 0.22 1.8 3.1 5.9 0.39 0.92 7537 
48 1.90 1.10 33.7 17.7 1.77 0.22 1.8 3.1 5.9 0.39 0.92 6289 
49 1.90 1.10 33.7 17.7 1.77 0.22 1.8 3.1 5.9 0.39 0.51 6436 
50 1.90 1.10 33.7 17.7 1.77 0.22 3.9 9.4 1.7 0.00 0.62 5995 
51 1.90 1.10 33.7 17.7 1.77 0.22 3.9 9.4 1.3 0.00 0.80 6083 

Min 0.25 0.33 19.7 17.7 1.77 0.22 0.0 0.0 0.0 0.00 0.00 2915 
Max 2.00 2.13 70.9 118.1 6.00 0.75 6.0 14.2 12.7 2.14 1.61 7537 
Mean 1.27 1.15 43.3 41.7 3.41 0.43 2.9 5.6 3.3 0.83 0.61 5249 
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Table 8-3 Summary of barbell wall data used to create fragility functions 

Number of damage 
data per MoR No Reference Wall ID Loading

/ t cP A f ′
(%) 1 2 3 4 

1 CW-0.6-1.2-20 Cyclic 5.8 1 1 0 1 
2 CW-0.6-0.6-20 Cyclic 6.6 1 1 0 1 
3 CW-0.6-0.8-20 Cyclic 4.9 1 1 0 1 
4 CW-0.6-1.6-20 Cyclic 5.8 1 0 0 1 
5 CW-0.6-2.0-20 Cyclic 5.7 1 0 0 1 
6 CW-0.6-1.2-40 Cyclic 12.3 1 0 0 1 
7 CW-0.4-1.2-20 Cyclic 5.9 1 0 0 1 
8 

AIJ (1985a) 

CW-0.8-1.2-20 Cyclic 5.9 1 0 0 1 
9 CW-0.6-0.6-20a Cyclic 6.7 2 2 1 1 

10 CW-0.6-0.8-20a Cyclic 6.6 2 3 1 1 
11 

AIJ (1986c) 

CW-0.6-1.2-0 Cyclic 0.0 2 3 1 1 
12 CW-0.6-0-20 Cyclic 5.6 2 1 1 1 
13 CW-0.6-0.3-20 Cyclic 5.6 2 3 1 1 
14 CW-0.6-2.4-20 Cyclic 5.8 2 2 1 1 
15 CW-0.6-2.8-20 Cyclic 6.2 2 1 1 1 
16 CW-0.6-0-0 Cyclic 0.0 2 1 1 1 
17 CW-0.6-0-40 Cyclic 12.4 2 1 1 1 
18 CW-0.6-0.6-0 Cyclic 0.0 2 3 1 1 
19 CW-0.6-0.6-40 Cyclic 11.5 2 3 1 1 
20 CW-0.4-0.6-20 Cyclic 5.8 2 3 1 1 
21 CW-0.8-0.6-20 Cyclic 5.8 2 3 1 1 
22 CW-0.4-2.0-20 Cyclic 5.8 2 1 1 1 
23 

AIJ (1985b) 

CW-0.8-2.0-20 Cyclic 5.7 2 3 1 1 
24 CW-0.6-2-0 Cyclic 0.0 1 0 0 1 
25 CW-0.6-2-40 Cyclic 11.6 1 0 0 1 
26 CW-0.6-2-20B Cyclic 5.5 1 0 0 1 
27 CW-0.6-0.6-20L Cyclic 7.8 1 0 0 1 
28 CW-0.6-1.2-20L Cyclic 7.6 1 0 0 1 
29 

AIJ (1986b) 

CW-0.6-2-20L Cyclic 7.8 1 0 0 1 
30 No1 Cyclic 7.2 0 0 0 1 
31 No2 Cyclic 5.1 0 0 0 1 
32 

AIJ (1986a) 

No3 Cyclic 3.4 0 0 0 1 
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Table 8-4 Geometric and material properties of the barbell wall data 

No /w wh l  / wM Vl  wh  
(in) 

wl  
(in)

wt  
(in)

Scale fb  
(in)

fh  
(in)

beρ
(%)

vρ  
(%) 

hρ  
(%) 

cf ′  
(psi) 

1 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 1.20 1.20 4935 
2 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 0.60 0.60 4281 
3 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 0.80 0.80 5760 
4 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.4 1.60 1.60 4878 
5 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.8 2.00 2.00 5021 
6 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 1.20 1.20 4608 
7 0.28 0.35 25.6 90.6 3.15 0.39 11.8 11.8 1.0 1.20 1.20 4793 
8 0.63 0.70 57.1 90.6 3.15 0.39 11.8 11.8 1.0 1.20 1.20 4850 
9 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 0.60 0.60 4224 

10 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 0.80 0.80 4295 
11 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 1.20 1.20 4167 
12 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 0.00 0.00 5106 
13 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 0.30 0.30 5106 
14 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.8 2.40 2.40 4878 
15 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.8 2.80 2.80 4594 
16 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 0.00 0.00 4594 
17 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 0.00 0.00 4594 
18 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 0.60 0.60 5106 
19 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 0.60 0.60 4935 
20 0.28 0.35 25.6 90.6 3.15 0.39 11.8 11.8 1.0 0.60 0.60 4878 
21 0.63 0.70 57.1 90.6 3.15 0.39 11.8 11.8 1.0 0.60 0.60 4864 
22 0.28 0.35 25.6 90.6 3.15 0.39 11.8 11.8 1.8 2.00 2.00 4935 
23 0.63 0.70 57.1 90.6 3.15 0.39 11.8 11.8 1.8 2.00 2.00 4978 
24 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.8 2.00 2.00 4893 
25 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.8 2.00 2.00 4921 
26 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 2.00 2.00 5149 
27 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 0.60 0.60 3655 
28 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.0 1.20 1.20 3755 
29 0.46 0.52 41.3 90.6 3.15 0.39 11.8 11.8 1.8 2.00 2.00 3655 
30 0.48 0.55 41.3 85.8 3.15 0.39 7.1 7.1 2.9 1.20 1.20 3940 
31 0.48 0.55 41.3 85.8 3.15 0.39 7.1 7.1 2.9 1.20 1.20 5561 
32 0.48 0.55 41.3 85.8 3.15 0.39 7.1 7.1 2.9 1.20 1.20 8463 

Min 0.28 0.35 25.6 85.8 3.15 0.39 7.1 7.1 1.0 0.00 0.00 3655 
Max 0.63 0.70 57.1 90.6 3.15 0.39 11.8 11.8 2.9 2.80 2.80 8463 
Mean 0.46 0.52 41.3 90.1 3.15 0.39 11.4 11.4 1.4 1.18 1.18 4824 
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Table 8-5 Summary of flanged wall data used to create fragility functions 

Number of damage 
data per MoR No Reference Wall ID Loading

/ t cP A f ′
(%) 1 2 3 4 

1 B1-1 Monotonic 0.0 4 2 1 0 
2 B2-1 Monotonic 0.0 4 2 1 1 
3 B3-2 Cyclic 0.0 4 1 1 1 
4 B4-3 Cyclic 0.0 4 2 1 1 
5 B5-4 Cyclic 0.0 2 2 1 0 
6 B6-4 Cyclic 0.0 4 3 1 1 
7 B7-5 Cyclic 0.0 3 3 1 1 
8 

Barda (1972) 

B8-5 Cyclic 0.0 3 3 1 1 
9 S1 Monotonic 6.6 1 3 1 1 

10 S2 Monotonic 24.2 2 1 1 1 
11 S3 Monotonic 6.5 1 3 0 1 
12 S5 Cyclic 6.3 1 4 1 1 
13 S6 Monotonic 6.6 1 4 1 1 
14 

Maier and Thürlimann (1985) 

S7 Cyclic 27.3 2 1 0 1 
15 Synge (1980) Wall-3 Cyclic 0.0 1 2 2 1 
16 Kitada et al. (1997) U-1 ES 3.9 0 0 0 1 
17 DP1 Cyclic 5.4 3 3 1 1 
18 

Palermo and Vecchio (2002a) 
DP2 Cyclic 0.0 3 2 1 1 

19 Saito et al. (1989) W12-1 Cyclic 5.6 1 1 0 1 
20 24M 8-30 Cyclic 5.3 0 1 1 0 
21 24M 8-40 Cyclic 5.6 0 1 1 0 
22 24M 8-50 Cyclic 5.7 0 1 1 0 
23 36M 8-30 Cyclic 5.1 2 2 1 1 
24 36M 8-40 Cyclic 5.2 0 1 1 0 
25 36M 8-50 Cyclic 5.3 2 2 1 1 
26 48M 8-30 Cyclic 7.3 0 1 1 0 
27 48M 8-40 Cyclic 7.3 0 1 1 0 
28 

Sato et al. (1989) 

48M 8-50 Cyclic 7.1 0 1 1 0 
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Table 8-6 Geometric and material properties of the flanged wall data 

No /w wh l  / wM Vl  wh  
(in) 

wl  
(in)

wt  
(in)

Scale fb  
(in)

fh  
(in)

beρ
(%)

vρ  
(%) 

hρ  
(%) 

cf ′  
(psi) 

1 0.46 0.50 34.5 75.0 4.00 0.50 24.0 4.0 1.8 0.50 0.48 4200 
2 0.46 0.50 34.5 75.0 4.00 0.50 24.0 4.0 6.4 0.50 0.48 2370 
3 0.46 0.50 34.5 75.0 4.00 0.50 24.0 4.0 4.1 0.50 0.48 3920 
4 0.46 0.50 34.5 75.0 4.00 0.50 24.0 4.0 4.1 0.50 0.00 2760 
5 0.46 0.50 34.5 75.0 4.00 0.50 24.0 4.0 4.1 0.00 0.48 4190 
6 0.46 0.50 34.5 75.0 4.00 0.50 24.0 4.0 4.1 0.26 0.48 3080 
7 0.21 0.25 15.8 75.0 4.00 0.50 24.0 4.0 4.1 0.50 0.49 3730 
8 0.96 1.00 72.0 75.0 4.00 0.50 24.0 4.0 4.1 0.50 0.50 3400 
9 1.02 1.12 47.2 46.5 3.94 0.49 15.7 3.9 1.1 1.13 1.01 5352 

10 1.02 1.12 47.2 46.5 3.94 0.49 15.7 3.9 1.1 1.13 1.01 5568 
11 1.02 1.12 47.2 46.5 3.94 0.49 15.7 3.9 2.5 2.54 1.01 5323 
12 1.02 1.12 47.2 46.5 3.94 0.49 15.7 3.9 1.1 1.13 1.01 5410 
13 1.02 1.12 47.2 46.5 3.94 0.49 15.7 3.9 1.1 1.13 0.57 5163 
14 1.02 1.12 47.2 46.5 3.94 0.49 15.7 3.9 1.1 1.13 1.01 4946 
15 0.50 0.57 59.1 118.1 3.94 0.49 19.7 3.9 1.8 0.37 1.61 3771 
16 0.65 0.77 79.5 122.0 2.95 0.37 117.3 3.9 0.5 1.20 1.20 4153 
17 0.66 0.76 79.5 121.1 2.95 0.37 119.9 3.7 0.4 0.82 0.76 3147 
18 0.65 0.76 79.5 121.5 2.95 0.37 119.9 3.9 0.4 0.82 0.76 2727 
19 0.35 0.47 29.5 83.5 4.72 0.59 19.7 4.7 4.8 1.32 1.32 5106 
20 0.65 0.74 55.1 84.6 5.91 0.74 39.4 5.9 0.8 0.80 0.80 5512 
21 0.65 0.74 55.1 84.6 5.91 0.74 39.4 5.9 0.6 0.60 0.60 5192 
22 0.65 0.74 55.1 84.6 5.91 0.74 39.4 5.9 0.5 0.48 0.48 5076 
23 0.65 0.74 55.1 84.6 5.91 0.74 39.4 5.9 1.2 1.16 1.16 5700 
24 0.65 0.74 55.1 84.6 5.91 0.74 39.4 5.9 0.9 0.90 0.90 5628 
25 0.65 0.74 55.1 84.6 5.91 0.74 39.4 5.9 0.7 0.72 0.72 5439 
26 0.65 0.74 55.1 84.6 5.91 0.74 39.4 5.9 1.6 1.60 1.60 3974 
27 0.65 0.74 55.1 84.6 5.91 0.74 39.4 5.9 1.2 1.16 1.16 3989 
28 0.65 0.74 55.1 84.6 5.91 0.74 39.4 5.9 1.0 0.96 0.96 4061 

Min 0.21 0.25 15.8 46.5 2.95 0.37 15.7 3.7 0.4 0.00 0.00 2370 
Max 1.02 1.12 79.5 122.0 5.91 0.74 119.9 5.9 6.4 2.54 1.61 5700 
Mean 0.67 0.75 50.1 78.8 4.51 0.56 37.0 4.6 2.0 0.87 0.82 4389 
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Experimental data from 111 squat walls that met the above criteria provided the damage data 
presented below. Twenty-eight walls had flanges, 32 walls had barbells, and 51 walls had 
rectangular cross-sections. The web thickness ranged between 1.77 in. and 6 in. The aspect ratios 
( / )w wh l  ranged between 0.21 and 2.0; moment-to-shear ratios ( / )wM Vl  ranged between 0.25 
and 2.13. The maximum aspect ratio in the barbell and flanged wall datasets are 0.63 and 1.02, 
respectively. Sixty-five walls were tested with applied axial load ranging between 0.022 t cA f ′  
and 0.273 t cA f ′ , where tA  is total wall area and cf ′  is concrete compressive strength. Concrete 
compressive strength, based on standard cylindrical tests, varied between 2370 and 8463 psi. 
Eight walls did not have vertical web reinforcement, 6 walls did not have horizontal web 
reinforcement and 3 walls did not have any web reinforcement. Eleven of the 111 test specimens 
did not comply with the minimum reinforcement requirements ( h vρ ρ= =0.25%) of ACI 318-08 
[ACI (2008)] for Special Structural Walls and Concrete Beams (Chapter 21.9). The maximum 
observed horizontal and vertical reinforcement ratios were 2.80%. Eighty-nine of the 111 test 
specimens were tested using cyclic loading, 21 were tested using monotonic loading and 1 was 
tested using an earthquake simulator. The scales in the dataset ranged between 0.22 and 0.75. 

8.3 Demand Parameter Selection 

The experimental data described in Section 8.2 was mined to prepare fragility curves. The 
fragility curves are presented as a function of racking drift, which is the best single story-level 
demand parameter for most structural elements. Importantly, drift is the demand parameter most 
reported in the literature. 

Two other demand parameters were considered for this study but were set aside. Dissipated 
hysteretic energy [Park and Ang (1985)] has been used to assess damage to concrete 
components. However, the literature rarely includes hysteretic loops that are amenable to 
digitization and calculation of dissipated energy and so this demand parameter cannot be 
computed with high confidence. Pagni and Lowes (2006) and Brown and Lowes (2007) 
proposed a variant on dissipated hysteretic energy for assessment of reinforced concrete beam-
column joints, namely, a demand parameter whose functional form included maximum story 
drift and number of load (or displacement) cycles as variables. Unfortunately, many sources did 
not report the relationship between damage and number of loading cycles and so the Lowes 
demand parameter was not pursued. 

8.4 Damage States and Methods of Repair 

Damage states (DS) define threshold levels of damage sustained by structural components under 
earthquake loading. A family of damage states, which are listed in Table 8-7, was assembled 
following analysis of test data and review of the literature. Damage states are characterized 
generally by direct indicators of damage such as initiation of cracking, maximum concrete crack 
width, extent of concrete crushing, sliding shear displacement, and reinforcement yielding, 
buckling, and fracture. Each of these damage states is linked with one of four methods of repair 
in the table. 
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Table 8-7 Damage states and corresponding methods of repairs  

ID Damage States Method of Repair (MoR) 

DS1.1 Initiation of cracking 

DS1.2 Initiation of flexural cracking 

DS1.3 Initiation of shear cracking 

DS1.4 Maximum measured crack widths less than 
0.02 in. (0.5 mm) 

Cosmetic repair (MoR-1) 

DS2.1 Initiation of yielding in horizontal web 
reinforcement 

DS2.2 Initiation of yielding in vertical web 
reinforcement 

DS2.3 Initiation of yielding in vertical boundary 
element reinforcement 

DS2.4a 
Maximum measured shear crack widths larger 
than 0.02 in (0.5 mm) but less than 0.12 in. (3 
mm) 

DS2.5a 
Maximum measured flexural crack widths 
larger than 0.02 in (0.5 mm) but less than 0.12 
in. (3 mm) 

DS2.4b 
Maximum measured shear crack widths larger 
than 0.04 in (1.0 mm) but less than 0.12 in. (3 
mm) 

DS2.5b 
Maximum measured flexural crack widths 
larger than 0.04 in (1.0 mm) but less than 0.12 
in. (3 mm) 

Epoxy injection (MoR-2) 

DS3.1 Concrete crushing at the compression toes / 
initiation of crushing in the wall web 

DS3.2 Vertical cracking in the toe regions of the web 

DS3.3 Buckling of boundary element vertical 
reinforcement 

DS3.4 Flexural crack widths exceeding  0.12 in. (3 
mm) 

Partial wall replacement  
(MoR-3) 

DS4.1 Initiation of sliding 

DS4.2 Wide diagonal cracks  

DS4.3 Widespread crushing of concrete 

DS4.4 Reinforcement fracture 

DS4.5 Shear crack widths exceeding 0.12 in (3 mm) 

Wall replacement (MoR-4) 
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Documents that provide guidelines for repair of reinforced concrete walls (e.g., FEMA 306 
[ATC (1998b)] and FEMA 308 [ATC (1998a)]), repair of concrete (e.g., ACI 546R-04 [ACI 
(2004)]), observations from experimental programs, previous research on retrofit of squat walls 
and expert opinion [Hooper (2008)] were used to identify the most appropriate damage states and 
their corresponding methods of repair. The following subsections present information on each 
Method of Repair (MoR) and the corresponding damage states. The number of damage data 
obtained for each wall and method of repair is presented in Table 8-1, Table 8-3, and Table 8-5, 
for rectangular, barbell and flanged walls, respectively. Appendix C presents all of the damage 
data analyzed in the body of the report. 

8.4.1 MoR-1, Cosmetic Repair 

Damage states DS1.1 through DS1.4 of Table 8-7 are associated with cosmetic repair. These 
damage states represent the initiation of cracking in concrete and propagation of these cracks 
under earthquake loading. For cosmetic repair, crack widths are small (less than 0.02 in. as 
defined in DS1.4) and structural repair to restore strength and stiffness is unnecessary. Repair of 
the surface finishes may be required to restore the aesthetic appearance, maintain fire resistance 
and prevent water infiltration into the wall [ATC (1998a)]. 

Cosmetic repair has no impact on structural performance. Method of Repair MoR-1 is similar to 
Cosmetic Repair 1 (CR1) of FEMA 308. Examples of damage states 1.2 and 1.3, each of which 
is linked to MoR-1, are presented in Figure 8-1 and Figure 8-2. 

8.4.2 MoR-2, Epoxy Injection 

8.4.2.1 Introduction 

Damage states DS2.1, DS2.2, DS2.3, DS2.4a, DS2.5a, DS2.4b, and DS2.5b of Table 8-7 are 
associated with epoxy-injection repair. Epoxy injection is widely used to restore the stiffness and 
strength of cracked concrete components. Crack width (DS2.4a, DS2.5a, DS2.4b, and DS2.5b) 
and reinforcement yielding (DS2.1, DS2.2, and DS2.3) are considered two indicators of the need 
for epoxy injection repair. 

Method of Repair MoR-2 is similar to Structural Repair 1 of FEMA 308. Examples of damage 
states DS2.1, DS2.3, and DS2.4a, each of which is linked to MoR-2, are presented in Figure 8-3, 
Figure 8-4 and Figure 8-5, respectively. 

There is no consensus in the design professional community on the minimum residual crack 
width for epoxy injection. Herein, two options are presented, MoR-2a and MoR-2b. 

8.4.2.2 MoR-2a 

Lowes and Li (2008) note that residual crack widths in excess of 0.01 to 0.02 in. require epoxy 
injection to restore component strength and stiffness. However, residual crack widths are not 
reported in the literature and could therefore not be used to identify the need for injection 
grouting. Rather, maximum crack width, which is presented in the literature, is used as a 
surrogate for residual crack width: if the reported maximum crack width under loading exceeds 
0.02 in (0.5 mm), (assumed equivalent to DS2.4a and DS2.5a in Table 8-7) epoxy injection is 
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Figure 8-1 Initial flexural cracks on wall M4 tested by Greifenhagen et al. (2005) 

 

 
Figure 8-2 Initial shear cracks on wall S2 tested by Maier and Thürlimann (1985) 
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Figure 8-3 Cracking pattern for wall S3 tested by Maier and Thürlimann (1985) at first 

yielding of horizontal web reinforcement 

 
Figure 8-4 Cracking pattern for wall S2 tested by Maier and Thürlimann (1985) at first 

yielding of flange vertical reinforcement 
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Figure 8-5 Cracking pattern for wall DP1 tested by Palermo and Vecchio (2002a) at a 

maximum shear crack width of 0.5 mm 

required. Reinforcement yielding (DS2.1, DS2.2, and DS2.3) was used as another indicator for 
epoxy injection, on the basis that reinforcement yielding will result in residual cracks of 
substantial width. This relationship is studied in Section 8.6. 

8.4.2.3 MoR-2b 

Method of Repair MoR-2b involves injection grouting of cracks for which the maximum crack 
width under loading exceeds 0.04 in (1.0 mm), that is DS2.4b and DS2.5b in Table 8-7. 

8.4.3 MoR-3, Partial Wall Replacement 

Damage states DS3.1 through DS3.4 of Table 8-7 are associated with removal and replacement 
of damaged concrete. Localized crushing at boundary elements and in the wall web will require 
replacement of damaged concrete. Vertical splitting cracks in boundary elements (DS3.2) and 
buckling of boundary element vertical reinforcement (DS3.3) are also linked to this MoR. 
Photographs of test specimens and observations made by the cited authors were used to identify 
data for damage states DS3.1, DS3.2, and DS3.3. Damage state DS3.4 assumes that a wall with 
flexural crack widths greater than 0.12 in. (3 mm) cannot be repaired to its pre-earthquake 
condition using epoxy injection and that damaged concrete and rebar must be replaced. 
Examples of damage states DS3.1 and DS3.4 are presented in Figure 8-6 and Figure 8-7, 
respectively. 
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Figure 8-6 Cracking pattern for wall SW11 tested by Lefas et al. (1990) at compression 

zone failure 

 
Figure 8-7 Cracking pattern for wall M2 tested by Greifenhagen et al. (2005) at a 

maximum flexural crack width of 3.0 mm 

Crushing in boundary 
element 

Crack width = 3.0 mm 
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8.4.4 MoR-4, Wall Replacement 

Damage states DS4.1 through DS4.5 of Table 8-7 are associated with complete replacement of 
the wall panel. 

Sliding at the interface between the wall web and the foundation (DS4.1) will require wall panel 
replacement, especially if the residual displacement is significant. Squat walls with low vertical 
reinforcement ratio and low axial load are susceptible to sliding shear. A sample cracking pattern 
for damage state DS4.1 is presented in Figure 8-8. Substantial corner-to-corner diagonal cracks 
(DS 4.2) which are indicators of diagonal tension (DT) or flexure-diagonal tension (F-DT) 
failures [see Section 1.2], trigger a rapid loss of strength and stiffness. Such walls cannot be 
repaired using epoxy injection because the crack widths are too great and partial wall 
replacement is not feasible because of the orientation and length of the cracks. Squat walls with 
light horizontal reinforcement are susceptible to this type of damage. Figure 8-9 presents a 
cracking pattern for damage state DS4.2. 

Walls with heavy reinforcement and/or high axial loads usually fail in diagonal compression 
(crushing of compression struts) as shown in Figure 8-10. The damage is so widespread that 
partial wall replacement is not feasible and the entire wall panel must be replaced (DS4.3). 
Reinforcement fracture (DS4.4) is rarely seen in tests of squat walls. Reinforcement fractured in 
only 3 of the 111 walls. Damage state DS4.4 is linked to wall replacement because reinforcement 
fracture followed other significant damage in all three cases. Figure 8-11 shows the cracking 
pattern in a wall at the fracture of boundary element vertical reinforcement. Widespread damage 
at the interface between the wall web and foundation is evident in the figure. Damage State 
DS4.5 assumes that wall panels with maximum shear crack widths larger than 0.12 in (3 mm) 
must be replaced. FEMA 306 [ATC (1998b)] notes that when the width of shear cracks in a wall 
exceed 1/8 in. (3.2 mm), the damage is considered heavy and restoration of the pre-earthquake 
strength and stiffness requires replacement of the wall. This damage state is similar to damage 
state DS4.2 in the sense that it is also closely related to diagonal tension (DT) and flexure-
diagonal tension (F-DT) failures observed in squat walls. 

The available images of damage together with the author’s descriptions of damage were used 
wherever possible to identify the drift associated with wall replacement. A major challenge was 
the identification of drift corresponding to sliding shear failure (DS4.1). The author-reported 
drifts for sliding shear failures exhibited significant variance, for example, in some cases the 
authors reported the drifts at initiation of sliding whereas in others the author-reported drifts 
corresponding to significant sliding displacements. Two supplemental criteria are therefore used 
herein to aid in the identification of drift for DS4.1: 1) residual drift exceeding 0.5% (SC1), and 
2) drift associated with wall strength less than 50% of the peak strength (SC2). Each criterion is 
described in more detail below. For a wall reported to have failed by sliding shear, the drift is 
calculated using SC1. If a drift cannot be computed using SC1, SC2 is used. If a drift cannot be 
computed using SC2, no data is reported for DS4.1.  

Supplemental Criterion SC1: If a cyclic force-displacement relationship was available, the peak 
transient drift associated with a residual drift angle of 0.5% was estimated. The residual drift 
angle of 0.5% was associated with a zero-force displacement intercept of 1% story drift angle. 
Given that the coda portion of earthquake ground motions will generally serve to partially re- 
center displaced components, elements and building frames, we assumed that a residual drift 
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Figure 8-8 Cracking pattern for wall DP2 tested by Palermo and Vecchio (2002a) at a 

sliding failure between the wall web and top slab 

 
Figure 8-9 Cracking pattern for wall S9 tested by Maier and Thürlimann (1985) at 

diagonal tension failure 

Sliding interface 
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Figure 8-10 Cracking pattern for wall S7 tested by Maier and Thürlimann (1985) at 

crushing of diagonal compression struts 

 
Figure 8-11 Cracking pattern for wall M1 tested by Greifenhagen et al. (2005) at 

reinforcement fracture 
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angle of 1% from a displacement-controlled cyclic test would be reduced to 0.5% in an 
earthquake. Only first cycle curves at each displacement level were considered for computation 
of the drifts at which the drifts at zero-load exceed 1.0%.To illustrate this computation, consider 
Figure 8-12 that presents the load-displacement data for wall M1 reported in Greifenhagen et al. 
(2005). In the figure, the peak transient drifts in the first (1.47%) and third quadrants (2.70%) for 
which the residual drifts exceed 1.0% are identified using red circles. The smaller of the two 
drifts is assumed to mark the onset of sliding shear failure and used for further analysis. 

 
Figure 8-12 Residual drift computation on the force-drift relationship for M1 tested by 

Greifenhagen et al. (2005) 

Supplemental Criterion SC2: A backbone load-displacement relationship for the first and third 
quadrants is prepared using the first cycle shear strengths at each displacement increment. The 
peak resistance of the wall is computed as the maximum force in the first and third quadrants. 
The story drifts in the first and third quadrants at which the resistance dropped below 50% of the 
peak resistance are calculated and the smaller of the two story drifts is chosen for further 
analysis. The computation is illustrated in Figure 8-13 in which backbone force-displacement 
curves are presented in the first and third quadrants. The peak shear strengths of the wall (in the 
first quadrant in this case) and the drifts at a post-capping shear strength equal to 50% of the 
peak resistance in the first quadrant and third quadrants, equal to 3.84% and -3.47%, 
respectively, are identified in the figure. 

The supplemental criteria are used primarily to identify transient drifts associated with sliding 
shear failures but are also used if a failure by either diagonal tension or compression is reported 
but the drift at failure is not, the drift associated with SC2 is reported. 

 

Drift = +1.0%

Drift = -1.0%
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Figure 8-13 Determination of drifts at which the force-peak shear strength drops to 50% of 

the peak for M1 tested by Greifenhagen et al. (2005) 

8.5 Fragility Analysis 

8.5.1 Introduction 

Herein, fragility functions are developed to characterize the probability that a specific MoR will 
be required as a function of racking (shear) drift. The data that links drift to damage states, and 
thus repair, is presented using continuous probability distributions. The method of maximum 
likelihood is used to fit the data. Four continuous probability distributions are considered, 
namely: lognormal, gamma, Weibull, and beta. Empirical cumulative distribution functions are 
presented below together with the fitted distributions. 

8.5.2 Characterization of Damage Data 

Careful mining of damage data is essential because data for more than one damage state was 
identified for a given method of repair in many of the walls. 

Two methods were considered to capture data for the purpose of developing fragility curves:  

Method 1: Data for all damage states is used, resulting in multiple data points per 
specimen for a given MoR. 

Method 2: Each MoR is represented by a single data point that corresponds to the 
damage state with the smallest drift value for a given specimen.  

Vpeak

0.5Vpeak

0.5Vpeak 
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Figure 8-14 illustrates the application of the two methods. In this figure, MoR-N is any method 
of repair, and DSN.1 through DSN.5 are the available damage data for MoR-N. 

 
Figure 8-14 Schematic representation of data characterization 

Using all available demand parameter-damage state pairs to create fragility curves will yield the 
greatest number of data points for each MoR (a maximum of 5 pairs per Figure 8-14). However, 
in most cases, the use of Method 1 will result in a higher mean value for a fragility function than 
that of Method 2 (one value per Figure 8-14). Fragility curves were developed using both 
methods to investigate the impact of the choice of data representation. Means and standard 
deviations for the drift data obtained using the two methods are presented in  

Table 8-8 for each MoR; data are presented for both MoR-2a and MoR-2b. As seen in the table, 
the means calculated using Method 1 are higher than those calculated using Method 2. 
Variability, as measured by coefficient of variation, is higher for Method 1 except for MoR-3. 
The impact of the choice of method is more significant for MoR-1 and MoR-2a because, in many 
cases, two or more values of drift could be associated with these methods of repair for a given 
wall. In most instances, a single drift could be identified for each wall for MoR-2b, MoR-3, and 
MoR-4. 

8.5.3 Probability Distributions 

Four probability distributions that are widely used for engineering applications, namely, 
lognormal, gamma, Weibull, and beta, were used to fit the compiled damage data. All four 
distributions require positive values of the random variable (demand parameter). Figure 8-15 
presents sample probability density functions for the four distributions. The following 
subsections present summary information on these probability distributions. The variable x  is 
used to represent the random variable (= story drift). 
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Table 8-8 Statistical summary of the drifts (all cross-sections) obtained using two methods 
for data mining for each MoR 

Method 1 Method 2 
MoR 

Mean Standard 
deviation

Coeff. of 
Variation Mean Standard 

deviation 
Coeff. of 
Variation

1 0.12 0.14 1.20 0.07 0.09 1.20 
2a 0.50 0.28 0.55 0.42 0.18 0.44 
2b 0.62 0.22 0.36 0.62 0.23 0.37 
3 0.84 0.39 0.46 0.83 0.41 0.50 
4 1.23 0.51 0.42 1.19 0.47 0.39 

8.5.3.1 Lognormal Distribution 

The lognormal distribution is a one-sided probability distribution of a random variable whose 
logarithm is normally distributed. This distribution is widely used for fragility studies because 
the demand parameter (drift or acceleration) must be positive and its relationship with the normal 
or Gaussian distribution. Equation 8-1 presents the probability density function (pdf) for the 
lognormal distribution. 
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In Equation 8-1, ln xµ  and ln xσ  are the mean and standard deviation of the natural logs of the 
demand parameter. The standard deviation of the natural log of the data, ln xσ , is termed 
dispersion in the ATC-58 project [ATC (2008)] and is denoted as β . The median (θ ), mean (µ ) 
and standard deviation (σ ) for a lognormally distributed demand parameter ( x ) are presented in 
Equations 8-2 through 8-4. 
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8.5.3.2 Gamma Distribution 

Similar to the lognormal distribution, the gamma distribution is also one-sided. Equation 8-5 
presents the probability density function for the gamma distribution. The gamma distribution 
uses two parameters, k  and λ . The parameter k  defines the shape of the distribution and λ  is a 
scale parameter. The probability density function for the gamma distribution is unimodal with its 
peak at x  = 0 for 1k ≤ , and at x  = ( 1) /k λ−  for 1k >  [Soong (2004)]. 

 
1 for 0

( ) ( )
0, elsewhere
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k x
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x e x
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⎪
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 (8-5) 

where ( )kΓ is the gamma function: 

 1

0

( ) k uk u e du
∞

− −Γ = ∫  (8-6) 

If k  is a positive integer, the gamma function takes the form: 

 ( )( ) 1 !k kΓ = −  (8-7) 

where ! denotes factorial. The mean (µ ) and standard deviation (σ ) for a gamma-distributed 
variable are: 

 andk kµ σ
λ λ

= =  (8-8) 

8.5.3.3 Weibull Distribution 

The Weibull distribution is an extreme value distribution of type III [Soong (2004)]. Equation 8-
9 presents the probability density function for the Weibull distribution. Similar to the gamma 
distribution, k  defines the shape of the distribution and λ  is a scale parameter. 
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 (8-9) 

The mean (µ ) and the standard deviation (σ ) for a Weibull-distributed variable are: 

 21 2 11 and 1 1
k k k

µ λ σ λ⎛ ⎞ ⎛ ⎞ ⎛ ⎞= Γ + = Γ + −Γ +⎜ ⎟ ⎜ ⎟ ⎜ ⎟
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 (8-10) 
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Brown (2008) notes that the Weibull distribution is appropriate for developing fragility functions 
because it provides accurate results with small data sets and represents a broad range of 
distribution shapes, which enables easier fitting. 

8.5.3.4 Beta Distribution 

The beta distribution is a versatile distribution defined on the interval [0, 1]. The probability 
density function for the beta distribution is: 

 
1 11 (1 ) for 0 1

( , )( )
0, elsewhere

X

x x x
Bf x

α β

α β
− −⎧ − ≤ ≤⎪= ⎨
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 (8-11) 

where B is the beta function as calculated using Equation 8-12. 

 ( ) ( )( , )
( )

B α βα β
α β

Γ Γ
=
Γ +

 (8-12) 

The parameters α  and β  are both shape parameters that take on positive values only. When 
,α β > 1, the density function is unimodal with the peak at ( 1) /( 2)α α β− + − . The density 

function becomes U-shaped when ,α β < 1; J-shaped when α ≥ 1, β <1; reverse J-shaped when 
α < 1, β ≥1; and uniform when α β= = 1 [Soong (2004)]. The mean (µ ) and standard 
deviation (σ ) of a beta-distributed variable are: 

 1and
1

α αβµ σ
α β α β α β

= =
+ + + +

 (8-13) 

Since the beta distribution is defined on the interval [0, 1], experimental data must be 
transformed to the interval [0, 1] before fitting the distribution. 

8.5.4 Method of Maximum Likelihood 

The method of maximum likelihood is the most widely used rule for finding point estimations of 
distribution parameters for sample data and is used below to estimate the parameters for the 
aforementioned distributions. This method makes use of the sample likelihood function that is 
presented below for completeness. 

First, let ( ; )f x θ  be the probability density function of the population where θ  is(are) the 
parameter(s) of the distribution X . The joint density function of a sample 1X , 2X ,…, nX  has the 
form: 

 
1 2 1 2, ,..., 1 2 1 2( , ,..., ) ( ) ( ) ( ) ( )

n nX X X n X X X n X if x x x f x f x f x f xθ θ= = Π  (8-14) 

where Π  denotes product. 
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The likelihood function ( )L θ of a set of n sample values is  

 1 2
1

( , ,... ) ( )
n

n X i
i

L x x x f xθ θ
=

=Π  (8-15) 

which gives the relative likelihood of having observed this particular sample ( 1 1X x= , 

2 2X x= ,…, n nX x= ) as a function of θ  [Benjamin and Cornell (1970)].  

The maximum likelihood estimate (MLE) of θ  is the value that maximizes the likelihood 
function ( )L θ . Per Benjamin and Cornell, maximum likelihood estimators possess the following 
desirable properties  

• Asymptotical unbiasedness: means are asymptotically (n→∞ ) equal to the true 
parameter value(s), θ  

• Efficiency: minimum expected squared error among all possible unbiased estimators, 

• Consistency: be close to the true parameter values as the sample size increases with 
increasingly high probability, and 

• Sufficiency: make maximum use of the information contained in the data.  

8.5.5 Goodness-of-Fit Testing 

To quantify the utility of the distributions, goodness-of-fit tests were performed on each fit. The 
Kolmogorov-Smirnov test (denoted hereafter as the K-S test) is a general test that is applicable to 
any distribution. The Lilliefors test is a special case of Kolmogorov-Smirnov test that can assess 
normality only. 

8.5.5.1 Kolmogorov-Smirnov test (K-S test) 

Given a set of sample values 1x , 2x , …, nx  observed from a population X , the test parameter for 
the K-S test ( D ) is calculated as: 

 { }1max ( ) ( )n
i X i X iD F x S x== −  (8-16) 

In Equation 8-16, ( )X iF x  and ( )X iS x  are the theoretical and empirical CDFs, respectively, 
calculated at the ith observation. Thus, the test parameter ( D ) of the K-S test corresponds to the 
maximum of the absolute values of n  (sample size) differences between the empirical CDF and 
the hypothesized CDF evaluated for the observed samples. The distribution of D  is independent 
of the hypothesized distribution and is a function of n  only [Benjamin and Cornell (1970)].  

The null hypothesis, 0H , for the K-S test is that the population X  comes from the hypothesized 
probability distribution. At a specified significance level (α ), if D  is less than or equal to critD , 
the null hypothesis is accepted.  

 ( ) 1critP D D α≤ = −  (8-17) 
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Values for critD  have been tabulated [e.g., Soong (2004)] as a function of the sample size ( n ) 
and significance level (α ). 

The advantage of the K-S test is that it is applicable to all sample sizes and uses data in unaltered 
form (does not require arbitrary grouping of the sample data) unlike the chi-square goodness-of-
fit test. However, the K-S test is valid strictly for continuous distributions and values for critD  are 
based on a completely specified hypothesized distribution (parameters known). This is not the 
case herein since the distribution parameters are unknown and must be estimated from the data. 
Using the K-S test with estimated distribution parameters may result in an unconservative 
acceptance of the null hypothesis [Benjamin and Cornell (1970)]. Herein, the K-S test is used to 
evaluate the quality of the fit of the distributions relative to one another. 

8.5.5.2 Lilliefors test 

The Lilliefors test evaluates the normality of a given data. Herein, the test is used to assess the 
acceptability of the lognormal distribution by testing the logarithm of the available data. This test 
is a variant of the K-S test to account for computation of the distribution parameters from the 
sample data [Lilliefors (1967)]. The test statistic for the Lilliefors test is calculated in a similar 
manner to that for the K-S test; the difference is in the calculation of critD . The Lilliefors test 
accounts for the unknown sample mean and variance and uses Monte Carlo simulation to 
determine approximate values of critD . The Lilliefors test is valid for small sample sizes but is 
also appropriate when the distribution parameters are unknown [Lilliefors (1967)], which is the 
case in this study. 

8.5.6 Parameters That Effect the Earthquake Performance of Squat Walls 

A detailed discussion of the failure modes for squat reinforced concrete walls was presented in 
Section 1. Based on that discussion, wall geometry, aspect ratio, horizontal web reinforcement 
ratio, vertical web reinforcement ratio, and axial load are identified as the five key parameters 
that affect the earthquake response of squat reinforced concrete walls. Walls with boundary 
elements are more susceptible to diagonal compression failure than rectangular walls. As aspect 
ratio increases, the likelihood of developing wall flexural strength increases and the likelihood of 
shear failure decreases. Flexural and shear failures exhibit different damage patterns. Horizontal 
reinforcement is effective in resisting diagonal tension failure, and shear crack width is affected 
by horizontal web reinforcement ratio. Vertical web reinforcement is effective in resisting the 
opening of diagonal cracks and helps to anchor compression struts that transfer lateral forces to 
the wall foundation. Higher axial force delays diagonal tension cracking but can trigger diagonal 
compression failure. The effect of these five parameters on the damage data is investigated 
below. 

Table 8-9 and Table 8-10 present a statistical summary of drifts for each MoR obtained using 
Methods 1 and 2, respectively, with respect to wall geometry. Results are presented to two 
decimal digits. In these tables, means ( x ), standard deviations ( sd ), and coefficient of variation 
( cv ) are calculated as follows 
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Table 8-9 Statistical summary of drifts for each MoR and Method 1 

 Wall geometry 
Rectangular Barbell Flanged 

MoR 
x  sd  cv  x  sd  cv  x  sd  cv  

1 0.17 0.16 0.95 0.04 0.02 0.57 0.13 0.16 1.24 
2a 0.47 0.19 0.40 0.43 0.20 0.46 0.59 0.38 0.64 
2b 0.58 0.20 0.34 N/A1 N/A N/A 0.75 0.27 0.37 
3 1.07 0.29 0.27 0.35 0.16 0.46 0.80 0.33 0.42 
4 1.39 0.51 0.36 0.88 0.14 0.16 1.45 0.63 0.43 

1. There is one data point for MoR-2b and barbell walls. 

Table 8-10 Statistical summary of drifts for each MoR and Method 2 

 Wall geometry 
Rectangular Barbell Flanged 

MoR 
x  sd  cv  x  sd  cv  x  sd  cv  

1 0.11 0.11 1.06 0.03 0.01 0.33 0.06 0.05 0.86 
2a 0.43 0.15 0.36 0.38 0.19 0.50 0.42 0.22 0.53 
2b 0.58 0.20 0.34 N/A1 N/A N/A 0.77 0.30 0.39 
3 1.10 0.31 0.29 0.35 0.16 0.46 0.80 0.34 0.43 
4 1.32 0.42 0.32 0.88 0.14 0.16 1.45 0.63 0.43 

1. There is one data point for MoR-2b and barbell walls. 

 ( )
1/ 2

2

1 1

1 1, , /
1

n n

i i
i i

x x sd x x cv sd x
n n= =

⎡ ⎤= = − =⎢ ⎥−⎣ ⎦
∑ ∑  (8-18) 

where n is the number of samples of ix . The drift values obtained for walls with barbell cross 
sections are generally much lower than those for walls with rectangular and flanged cross 
sections. Note that the mean drifts for MoR-3 are smaller than MoR-2 for walls with barbell 
cross sections, which is attributed to the dataset used to generate damage data for barbell walls 
that includes many walls with low-aspect ratios and high vertical and horizontal web 
reinforcement ratios (see Table 8-3 and Table 8-4). Given the results of Table 8-10 and the 
ranges of data presented in Table 8-1 through Table 8-6, families of fragility functions are 
presented for each wall geometry. 

Figure 8-16 presents the variation of drift with aspect ratio for MoR-1, MoR-2a, MoR-3, and 
MoR-4. All available damage data are included in the figure (also in Figure 8-17, Figure 8-18, 
and Figure 8-19). For barbell and flanged walls, no trends are evident for any of the MoRs 
considered. For walls with rectangular cross-sections, there is a weak trend of increasing drift  
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with increasing aspect ratio for MoR-1. However, scatter is significant and the size of the 
rectangular wall dataset for MoR-1 for aspect ratios of between 1.0 and 2.0 is small, with most of 
the data clustered around 2.0. In summary, the available data do not reveal any strong correlation 
between aspect ratio and damage for any wall geometry. 

Figure 8-17 presents the variation of drift with horizontal web reinforcement ratio for each 
method of repair. No relationship between drift and horizontal web reinforcement ratio can be 
identified for any method of repair for either rectangular or flanged walls. The limiting drifts for 
MoR-1, MoR-3, and MoR-4 for barbell walls are independent of horizontal web reinforcement 
ratio. A weak trend of increasing drift with increasing horizontal web reinforcement ratio is seen 
for MoR-2a but the scatter is quite large and sample size is modest.  

Figure 8-18 presents the variation of drift with vertical web reinforcement ratio for each method 
of repair. No visible trends between drift and vertical web reinforcement ratio are evident for any 
method of repair for rectangular and flanged walls. For the barbell walls, the limiting drifts for 
MoR-1, MoR-3 and MoR-4 are independent of vertical web reinforcement ratio. For MoR-2a, a 
trend of increasing drift with increasing vertical web reinforcement ratio is evident. Note that all 
barbell walls considered herein had equal percentages of horizontal and vertical web 
reinforcement and that the trends observed with drift and vertical web reinforcement ratio for 
barbell walls for all methods of repair are similar to those observed with drift and horizontal web 
reinforcement ratio. 

Figure 8-19 presents the variation of drift with normalized axial load for each method of repair. 
No significant trends between drift and normalized axial load are evident for any method of 
repair for any cross-section type. However, the number of data for normalized axial loads of 
higher than 10% is very small as seen in Figure 8-19. 

In summary, the available data do not support the use of aspect ratio, horizontal and vertical web 
reinforcement ratio, and axial load as variables in the presentation of fragility curves. Although 
horizontal and vertical web reinforcement ratios have an impact on the limiting drifts for MoR-
2a, the dispersion is substantial. Only wall geometry substantially influences the relationships. 
The barbell wall dataset yielded significantly different damage characteristics than walls with 
flanged and rectangular walls as presented in Table 8-9 and Table 8-10. Although the damage 
data for rectangular and flanged walls are comparable, the ranges on the two datasets are 
significantly different. 

8.5.7 Fragility Functions 

Fragility functions that define the probability that a certain method of repair will be required 
conditional on story drift developed in this section. The damage states, which are associated with 
specific methods of repairs (see Section 8.4), are used as the basis for collecting the damage data. 
The data characterization methods discussed in Section 8.5.2 are used to group the available 
damage data. 

This section utilizes the distributions summarized in Section 8.5.3 to fit the damage data using 
the method of maximum likelihood (see Section 8.5.4). Fragility functions are generated for each 
type of wall geometry. 
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8.5.7.1 Fragility Functions Developed Using Method 1 

Method 1 utilizes all available damage data for each method of repair. The distribution 
parameters (as defined in Section 8.5.3) estimated using the method of maximum likelihood are 
presented in Table 8-11 for rectangular, barbell and flanged walls. Results for the K-S (all 
distributions) and Lilliefors (lognormal distribution only) goodness-of-fit tests are presented in 
Table 8-12 and Table 8-13. The goodness-of-fit tests of Table 8-12 and Table 8-13 were 
conducted at the 5% significance level. 

Table 8-11 Distribution parameters computed using Method 1 

Distribution Parameters 
lognormal gamma Weibull beta Wall 

Geometry MoR 
θ  β  k  λ  k  λ  α  β  

1 0.11 0.92 1.40 8.37 0.18 1.16 1.20 5.54 
2a 0.43 0.43 6.06 12.98 0.53 2.61 2.63 3.38 
2b 0.54 0.36 8.49 14.76 0.64 3.26 2.16 2.79 
3 1.03 0.28 13.43 12.59 1.18 4.09 1.39 1.58 

Rectangular 

4 1.30 0.37 7.69 5.52 1.56 3.00 1.70 2.95 
1 0.04 0.47 4.27 101.72 0.05 1.92 0.87 2.47 
2a 0.38 0.50 4.61 10.76 0.48 2.37 2.26 3.20 
3 0.32 0.45 5.29 15.05 0.40 2.37 1.97 2.17 

Barbell 

4 0.87 0.17 25.20 28.82 0.94 6.24 3.95 4.20 
1 0.07 1.03 1.02 8.08 0.12 0.94 0.68 3.85 
2a 0.48 0.68 2.54 4.32 0.66 1.66 2.15 4.94 
2b 0.71 0.34 8.78 11.69 0.84 3.28 0.36 0.40 
3 0.75 0.32 8.79 11.00 0.90 2.42 0.69 2.66 

Flanged 

4 1.32 0.44 5.54 3.82 1.64 2.56 1.01 1.52 

The data presented in Table 8-12 include the K-S test parameter ( D ), decision on the null 
hypothesis that the data comes from the hypothesized probability distribution (A = Accept, R = 
Reject), p value of the test and the critical test parameter ( critD ). As noted previously, if 

critD D≤ , the null hypothesis ( 0H ) is accepted. The null hypothesis for the K-S test is rejected in 
1 of the 14 cases (3 wall geometries x 5 MoR except for MoR-2b and barbell walls) for the 
gamma, Weibull and lognormal distributions (barbell walls, MoR4), and rejected two times for 
the beta distribution (rectangular walls, MoR-2; barbell walls, MoR-4). The D  statistic for the 
K-S test represents the maximum absolute difference between the empirical CDF and the 
theoretical CDF. Therefore, it is a measure of the deviation between the reported data and the 
hypothesized CDF. In Table 8-12, the yellow shaded cells represented the smallest D  for the K-
S test conducted on the corresponding wall geometry and method of repair. For 6 of the 14 cases 
investigated, the lognormal distribution yields the smallest values of D . In another three 
instances, the value of D  for the lognormal distribution is only marginally (<10%) larger than 
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Table 8-13 Lilliefors results for the lognormal distribution computed using Method 1 

Lilliefors Test Results Wall 
Geometry MoR 

critD  p  0H  D  
1 0.110 0.500 A 0.067 
2a 0.107 0.028 R 0.113 
2b 0.192 0.020 R 0.210 
3 0.142 0.214 A 0.116 

Rectangular 

4 0.134 0.247 A 0.106 
1 0.132 0.381 A 0.096 
2a 0.146 0.500 A 0.090 
3 0.219 0.438 A 0.153 

Barbell 

4 0.154 0.001 R 0.326 
1 0.128 0.058 A 0.126 
2a 0.121 0.500 A 0.080 
2b 0.304 0.322 A 0.230 
3 0.173 0.500 A 0.107 

Flanged 

4 0.197 0.500 A 0.084 

the smallest value of D . The lognormal distribution is therefore judged to be the best of the 
distributions considered here. Table 8-13 presents the Lilliefors goodness-of-fit test results on the 
lognormal distribution. The Lilliefors test yields smaller values of critD  than for the K-S test for a 
given sample size and significance level (see Section 8.5.5). As seen in Table 8-13, the 
lognormal distribution fails the Lilliefors goodness-of-fit test for MoR-2a and MoR-2b for the 
rectangular walls and for MoR-4 for the barbell walls. Note that no outlier analysis was 
undertaken before processing the data. 

The functions developed using lognormal distribution for each wall geometry and method of 
repair type can be compared using the medians (θ ) and logarithmic standard deviations (β ) 
presented in the gray shaded columns of Table 8-11. The standard deviations for MoR-1 are 
generally high, which is attributed to the use of Method 1 that includes all available damage data. 
The standard deviations for other methods of repair are generally reasonable. ATC-58 [ATC 
(2008)] qualifies the fragility functions that pass the Lilliefors goodness-of-fit test and yield 
logarithmic standard deviations (β ) of less than 0.6 as high quality. One interesting observation 
is that for barbell walls, MoR-3 precedes MoR-2a, that is, the median drift associated for MoR-3 
is less than that of MoR-2a. This anomaly is attributed to the characteristics of the barbell wall 
data used herein, namely, low-aspect ratio and heavy web reinforcement in most cases. Figure 
8-20, Figure 8-21, and Figure 8-22 present the empirical and theoretical fragility functions for 
rectangular, barbell and flanged walls, respectively. 
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Figure 8-20 Method 1 fragility functions for rectangular walls 

 
Figure 8-21 Method 1 fragility functions for barbell walls 
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Figure 8-22 Method 1 fragility functions for flanged walls 

8.5.7.2 Fragility Functions Developed Using Method 2 

Method 2 utilizes the damage data with the smallest demand parameter (drift) for each method of 
repair of each specimen. The distribution parameters are presented in Table 8-14 for rectangular, 
barbell and flanged walls. Results for the K-S (all distributions) and Lilliefors (lognormal 
distribution only) goodness-of-fit tests are presented in Table 8-15 and  

Table 8-16 at the 5% significance level. As seen in Table 8-15, the null hypothesis for the K-S 
test is rejected once (rectangular walls, MoR-4) for each distribution type for Method 2. 

In Table 8-15, the yellow shaded cells identify the smallest values of D  for the K-S test for each 
wall geometry and method of repair. For 5 of the 14 cases investigated, the lognormal 
distribution yields the smallest D . Accordingly, the lognormal distribution is used to develop 
fragility curves for squat reinforced concrete walls.  

Table 8-16 presents the Lilliefors goodness-of-fit test results. The lognormal distribution fails the 
goodness-of-fit test for MoR-2a, MoR-2b and MoR-4 for rectangular walls and MoR-4 for 
barbell walls. 

The logarithmic standard deviations corresponding to MoR-1 are generally high but less than 
those observed for Method 1. The logarithmic standard deviations for MoR-2a, MoR-2b, MoR-3 
and MoR-4 are less than 0.60 except for the flanged walls and MoR-2a (β  = 0.62). Similar to 
that observed for Method 1, MoR-3 precedes MoR-2a for barbell walls and MOR-2a. Figure 
8-23, Figure 8-24, and Figure 8-25 present the empirical and theoretical fragility functions 
developed using data characterization Method 2. 
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Table 8-14 Distribution parameters computed using Method 2 

Distribution Parameters 
lognormal gamma Weibull beta Wall 

Geometry MoR 
θ  β  k  λ  k  λ  α  β  

1 0.07 0.81 1.58 15.04 0.11 1.18 2.13 15.34
2a 0.40 0.42 6.81 15.88 0.48 3.01 5.78 6.34 
2b 0.54 0.36 8.49 14.76 0.64 3.26 2.16 2.79 
3 1.05 0.30 11.79 10.75 1.21 4.03 1.27 1.32 

Rectangular 

4 1.25 0.35 9.10 6.90 1.47 3.55 2.15 2.96 
1 0.03 0.31 10.11 316.82 0.04 3.19 1.32 2.48 
2 0.33 0.49 4.48 11.93 0.43 2.21 0.90 1.42 
3 0.32 0.45 5.29 15.05 0.40 2.37 1.97 2.17 

Barbell 

4 0.87 0.17 35.22 40.12 0.94 6.24 3.95 4.20 
1 0.04 0.79 1.71 29.17 0.06 1.29 0.65 1.48 
2a 0.36 0.62 3.27 7.71 0.48 2.03 3.81 5.45 
2b 0.72 0.37 7.79 10.14 0.86 3.22 0.33 0.35 
3 0.75 0.32 8.45 10.58 0.90 2.39 0.65 2.51 

Flanged 

4 1.32 0.44 5.54 3.82 1.64 2.56 1.01 1.52 
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Table 8-16 Lilliefors results for the lognormal distribution computed using Method 2 

Lilliefors Test Results Wall 
Geometry MoR 

critD  p  0H  D  
1 0.135 0.500 A 0.087 
2a 0.134 0.015 R 0.151 
2b 0.192 0.020 R 0.210 
3 0.159 0.364 A 0.116 

Rectangular 

4 0.142 0.029 R 0.150 
1 0.161 0.194 A 0.134 
2a 0.201 0.417 A 0.143 
3 0.219 0.438 A 0.153 

Barbell 

4 0.154 0.001 R 0.326 
1 0.197 0.148 A 0.171 
2a 0.167 0.500 A 0.110 
2b 0.324 0.194 A 0.270 
3 0.176 0.500 A 0.109 

Flanged 

4 0.197 0.500 A 0.084 

 
Figure 8-23 Method 2 fragility functions for rectangular walls 
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Figure 8-24 Method 2 fragility functions for barbell walls 

 
Figure 8-25 Method 2 fragility functions for flanged walls 
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8.6 Fragility Function Recommendations 

8.6.1 Probability Distribution 

The fragility data presented in Section 8.5.7 reveal that the lognormal distribution is the best of 
the four distributions considered for representing fragility functions for squat reinforced concrete 
walls for both Method 1 and Method 2. 

8.6.2 Data Characterization 

The fragility curves obtained using the lognormal distribution differ only modestly for Method 1 
and Method 2 (see the gray shaded cells in Table 8-11 and Table 8-14). The dispersions for 
Method 1 are generally greater than those for Method 2 for the four methods of repair. 
Accordingly, fragility functions are developed using Method 2. 

Table 8-17, which is based principally on Table 8-14, lists the values of median and dispersion 
obtained using the lognormal distribution and Method 2 for the three wall geometries and four 
methods of repair. Two significant figures are used to report median (θ ) drift. Two decimal 
digits are used for dispersion (β ). 

8.6.3 Evaluation of Damage States 

8.6.3.1 Damages States Associated with Reinforcement Yielding for MoR-2a 

MoR-2a uses reinforcement yielding data (DS2.1, DS2.2, and DS2.3) together with DS2.4a and 
DS2.5a that are associated with crack widths of 0.5+ mm. This assumption is evaluated herein by 
fitting lognormal distribution using Method 2 to a) reinforcement yielding data (DS2.1, DS2.2 
and DS2.3), and crack width data (DS2.4a and DS2.5a). Table 8-18 presents the parameters of 
the distribution. The parameters for barbell walls and DS2.4a and DS2.5a cannot be obtained due 
to a lack of data. For rectangular and flanged walls, the medians calculated using yielding data 
(DS2.1, DS2.2, and DS2.3) and crack width data (DS2.4a and DS2.5a) are in close agreement. 

The data of Table 8-18 support the use of reinforcement yielding data and crack width data for 
MoR-2a. 

8.6.3.2 Damage States Associated with Supplemental Criteria for MoR-4 

Two supplemental criteria are suggested for MoR-4 to aid in identification of damage for cases 
where the reported data is insufficient to make an assessment. The first, SC1, serves to identify 
drift at sliding shear failure. The second, SC2, is intended to the identify threshold drift for wall 
replacement for walls that fail under diagonal tension or compression, for cases where the drift at 
failure is unclear. The drifts identified using the supplemental criteria are presented in Appendix 
C. 

Table 8-19 presents the distribution parameters for MoR-4 calculated with and without SC1 and 
SC2. As seen in the table, the use of the supplemental criteria does not significantly alter the 
distribution parameters. Criterion SC1 identifies 13 data points for rectangular walls, 5 data  
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Table 8-17 Lognormal distribution parameters calculated using Method 2 

Wall geometry MoR θ  β  

1 0.07 0.81 
2a 0.40 0.42 
2b 0.54 0.36 
3 1.05 0.30 

Rectangular 

4 1.25 0.35 
1 0.03 0.31 
2a 0.33 0.49 
3 0.32 0.45 

Barbell1 

4 0.87 0.17 
1 0.04 0.79 
2a 0.36 0.62 
2b 0.72 0.37 
3 0.75 0.32 

Flanged 

4 1.32 0.44 
1. Data not presented for MoR-2b; see footnote in 

Table 8-10. 

Table 8-18 Lognormal distribution parameters calculated using Method 2 for MoR-2a 
damage states 

Wall geometry Damage states θ  β  

DS2.1, DS2.2, DS2.3 0.41 0.31 
DS2.4a, DS2.5a 0.42 0.54 Rectangular 

DS2.1, DS2.2, DS2.3, 
DS2.4a, DS2.5a 0.40 0.42 

DS2.1, DS2.2, DS2.3 0.31 0.49 
DS2.4a, DS2.5a N/A1 N/A Barbell 

DS2.1, DS2.2, DS2.3, 
DS2.4a, DS2.5a 0.33 0.49 

DS2.1, DS2.2, DS2.3 0.41 0.51 
DS2.4a, DS2.5a 0.40 0.84 Flanged 

DS2.1, DS2.2, DS2.3, 
DS2.4a, DS2.5a 0.36 0.62 

1. Fitting is not possible since there are only 3 data points
associated with these damage states. 
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points for flanged walls and 0 data points for barbell walls. Criterion SC2 identifies 6 data points 
for flanged walls, 2 data points for barbell walls and 0 data points for rectangular walls. 

The data of Table 8-19 shows that the use of the two supplemental criteria does not substantially 
modify the values of the distribution parameters. Accordingly, the recommended medians and 
dispersions presented below make use of supplemental criteria. 

Table 8-19 Effect of SC1 and SC2 on the MoR-4 lognormal distribution parameters for 
Method 2 

Wall geometry SC1 SC2 θ  β  

Considered Considered 1.25 0.35 
Considered Not considered 1.25 0.35 Rectangular 

Not considered Not considered 1.15 0.40 
Considered Considered 0.87 0.17 
Considered Not considered 0.86 0.18 Barbell 

Not considered Not considered 0.86 0.18 
Considered Considered 1.32 0.44 
Considered Not considered 1.31 0.51 Flanged 

Not considered Not considered 1.27 0.61 

8.6.4 ACI 318-08 Compliance 

Eleven of the 111 test specimens (6 rectangular, 2 flanged and 3 barbell) used to develop 
fragility functions do not comply with the minimum reinforcement requirements 
( h vρ ρ= =0.25%) of ACI 318-08 [ACI (2008)] for Special Structural Walls and Concrete 
Beams (Chapter 21.9). This section presents fragility functions for walls that comply with the 
minimum reinforcement requirements of ACI 318-08 [ACI (2008)]. The lognormal distribution 
and Method 2 are used to develop the fragility functions. Results are presented in Table 8-20. 

A comparison of the distribution parameters presented in Table 8-17 and Table 8-20 reveal that 
limiting the minimum web reinforcement ratios per ACI 318-08 [ACI (2008)] does not 
significantly affect the distribution parameters. The most significant effect is observed for MoR-
2a for flanged walls for which the median drift increased from 0.36% to 0.39% and logarithmic 
standard deviation decreased from 0.62 to 0.51. 

Given that most squat walls will likely comply with the ACI 318-08 [ACI (2008)] requirements 
for minimum rebar ratio, the medians and dispersions recommended in Section 8.6.5 are based 
on the data of Table 8-20. 
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Table 8-20 Lognormal distribution parameters and the corresponding Lilliefors test results 
for squat walls that comply with the minimum reinforcement requirements of ACI 318-08 

[ACI (2008)] 

Lognormal Lilliefors Test Results 
Wall geometry MoR 

θ  β  critD  p  0H  D  
1 0.07 0.79 0.140 0.500 A 0.082 
2a 0.41 0.34 0.140 0.182 A 0.118 
2b 0.55 0.34 0.207 0.143 A 0.181 
3 1.09 0.27 0.164 0.338 A 0.122 

Rectangular 

4 1.30 0.35 0.154 0.002 R 0.202 
1 0.03 0.31 0.170 0.379 A 0.123 
2a 0.34 0.53 0.219 0.500 A 0.140 
3 0.33 0.33 0.242 0.500 A 0.159 

Barbell 

4 0.87 0.18 0.161 0.001 R 0.327 
1 0.05 0.76 0.207 0.190 A 0.173 
2a 0.39 0.51 0.173 0.500 A 0.089 
2b 0.72 0.37 0.324 0.194 A 0.270 
3 0.76 0.33 0.184 0.500 A 0.100 

Flanged 

4 1.34 0.45 0.201 0.500 A 0.110 

8.6.5 Recommendations 

8.6.5.1 Rectangular Walls 

Table 8-21 presents the recommended medians and dispersions for rectangular walls. On the 
basis of input from the ATC-58 project team, MoR-2 is represented by MoR-2b, namely, cracks 
widths in excess of 1.0 mm. The methods of repair in column 1 of the table are mapped to 
damage states per the ATC-58 notation in column 2. 

Table 8-21 Distribution parameters for rectangular walls 

MoR Damage 
State θ  β  

1 DS0 0.07 0.79 
2 DS1 0.55 0.34 
3 DS2 1.09 0.27 
4 DS3 1.30 0.35 
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8.6.5.2 Barbell Walls 

Table 8-22 presents the recommended medians and dispersions for barbell walls. Since the 
median drifts for MoR-2a and MoR-3 are virtually identical, MoR-2 is set aside for barbell walls. 
The methods of repair in column 1 of the table are mapped to damage states per the ATC-58 
notation in column 2. 

Table 8-22 Distribution parameters for barbell walls 

MoR Damage 
State θ  β  

1 DS0 0.03 0.31 
3 DS2 0.33 0.33 
4 DS3 0.87 0.18 

8.6.5.3 Flanged Walls 

Table 8-23 presents the recommended medians and dispersions for flanged walls. For the reason 
given in Section 8.6.5.1, MoR-2 is represented by MoR-2b. However, given that the median 
drifts for MoR-2 (=0.72) is virtually identical to that for MoR-3 (=0.76), MoR-2 is set aside for 
flanged walls. The methods of repair in column 1 of the table are mapped to damage states per 
the ATC-58 notation in column 2. 

Table 8-23 Distribution parameters for flanged walls 

MoR Damage 
State θ  β  

1 DS0 0.05 0.76 
3 DS2 0.76 0.33 
4 DS3 1.34 0.45 

8.7 Scopes of Repair  

To establish consequence functions and costs of repair, a list of repair activities must be assigned 
to each method of repair. Such lists are presented in Appendix E for methods of repair MoR-1 
through MoR-4. 
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9 SUMMARY AND CONCLUSIONS 

9.1 Summary 

Squat walls, defined herein as walls with ratios of height to length of less than or equal to two, 
are important structural components that are widely used in commercial buildings and safety-
related nuclear structures. Accurate assessment of their seismic performance is crucial because 
they are designed to provide most of the lateral strength and stiffness to a structure. 

The failure of squat reinforced concrete walls is generally by shear-related mechanisms, which 
result in brittle response. Current design provisions in codes and standards for reinforced 
concrete walls focus on slender (flexural) walls that can be designed and detailed to respond in a 
ductile manner. Much less attention is paid to squat, shear-critical walls although they are more 
common than slender flexure-critical walls. Shear-critical walls are the focus of this report. 

The objectives of the report are six-fold, namely, 1) to assemble a squat wall database that 
includes data from all tests reported in the literature from 1950s,  2) to evaluate the utility of 
equations used in North America to predict the peak shear strength of squat walls, 3) to simulate 
the response of squat reinforced concrete walls using finite element analysis, 4) to simulate the 
response of squat reinforced concrete walls using a macro-level hysteretic deterioration model, 
5) to develop predictive equations that provide unbiased estimates of peak shear strength with a 
small coefficient of variation, and 6) to develop fragility functions for squat walls suitable for use 
in seismic performance assessment. 

A comprehensive literature review is conducted to inventory available experimental and 
analytical data on squat walls. A database that includes information from tests of 434 squat 
reinforced concrete walls is assembled. This database plays a key role in achieving all of the 
objectives listed above. 

Peak shear strength is the key variable for force-based design and performance assessment of 
squat reinforced concrete walls. The utility of five widely used peak shear strength calculation 
procedures for squat walls, namely, Chapter 11 and 21 equations of ACI 318-08 [ACI (2008)], 
Barda et al. (1977) equation, ASCE 43-05 [ASCE (2005)] equation, and Wood (1990) equation, 
are evaluated using information from the database. The finite element codes ABAQUS [Hibbitt, 
Karlsson & Sorensen (2004)] and VecTor2 [VecTor Analysis Group (2007)], which employ 
different approaches to modeling reinforced concrete, are used for the finite element simulations 
of squat walls to a) determine those modeling parameters (or decisions) that are critical in 
predicting the response of squat walls, b) identify the formulation that best simulates the 
response of squat walls, and c) expand the parameter space for squat walls to enable 
development of new predictive equations. 

New predictive equations for the peak shear strength of squat walls are proposed using reported 
experimental data and results from the finite element simulations. The parameters that most 
affect peak shear strength are identified using experimental data and finite element simulations.  

A cyclic deterioration model is used to simulate the hysteretic response of squat walls. Load-
displacement relationships from the database are used to identify the appropriate deterioration 
model parameters. 
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Performance-based seismic assessment and design makes use of fragility functions, damage 
states, and repair descriptions to identify economic loss, downtime or business interruption, and 
casualties. Such information is unavailable for squat reinforced concrete walls. Performance-
oriented information and data are mined from the database and the literature to establish 
appropriate damage states, methods of repair, and fragility functions for squat walls, suitable for 
assessment of buildings and infrastructure. 

9.2 Conclusions 

The key conclusions of this study are listed below: 

1. The scatter in the values of peak shear strength predicted by the five equations evaluated 
in this study is substantial. The utility of these equations is affected significantly by wall 
geometry (i.e., rectangular, barbell-shaped, flanged). The best predictions of peak shear 
strength (i.e., median ratio of predicted to measured peak shear strength close to 1.0 and a 
small coefficient of variation) are obtained using the equation of Wood (1990) for walls 
with rectangular cross-sections and the equations of ASCE 43-05 for walls with boundary 
elements. 

2. Finite element predictions of squat wall response obtained using ABAQUS are affected 
significantly by the dilation angle (ψ ) that controls the volumetric component of the 
plastic strain increment. For squat walls, the best simulations of the experimental results 
(i.e., load-displacement relationships and failure modes) are obtained for 55ψ . 
However, the optimal value for the dilation angle is likely different for alternate walls 
and 55ψ  must be used with care. 

3. Both the MCFT and DSFM formulations implemented in VecTor2 provide more accurate 
predictions of squat wall response than the ABAQUS formulation. The difference in the 
predictions obtained by the DSFM and MCFT formulations is generally modest. The only 
notable difference between the responses calculated by the two formulations is in the 
pinched regions of the cyclic load-displacement relationships, for which the DSFM 
simulations better match the experimental data. The VecTor2 finite element analyses use 
two concrete models, namely, Popovics [Popovics (1973)] and Smith-Young [Smith and 
Young (1956)]. The predicted responses are similar up to the displacement at peak shear 
strength but the Popovics model is better for simulating the experimental response at 
displacements greater than that corresponding to peak shear strength. 

4. The predictions of peak shear strength and the pre-peak shear strength shearing force- 
lateral displacement response are affected modestly by the granularity of the finite 
element mesh adopted for the ABAQUS and VecTor2 analyses. The impact of mesh 
refinement on the post-peak force-displacement relationship (i.e., post-capping stiffness) 
is more significant. For VecTor2, the use of 15 to 20 elements along the height of a wall 
with near-square element geometry should result in reasonable simulations of response 
for the entire loading history. 

5. The experimental data and finite element analyses conducted using VecTor2 indicate that 
wall aspect ratio, vertical web reinforcement ratio, axial force, concrete compressive 
strength, wall geometry, and vertical boundary element reinforcement affect the peak 
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shear strength of squat walls. The effect of horizontal web reinforcement ratio on peak 
shear strength is modest. 

6. New predictive equations for peak shear strength of squat walls are developed using 
nonlinear optimization tools. The proposed equations provide average ratios of predicted 
to measured peak shear strength close to 1.0 with a coefficient of variation as low as 0.10. 
These equations perform significantly better than the equations currently used for 
predicting the peak shear strength of squat walls. 

7. The Ibarra et al. (2005) pinching model can simulate the cyclic load-displacement 
behavior of squat reinforced concrete walls if an appropriate backbone curve and model 
parameters are used. The performance of the model could be improved by a) updating the 
backbone curve to include a control point to represent the initiation cracking, b) 
providing a functional form for each of the control points in the backbone curve, and c) 
providing a functional form for each of the model parameters, which will require much 
additional testing and subsequent processing of digital data. 

8. Fragility curves, damage states, and method of repair have been developed for squat 
walls in buildings and infrastructure. Four methods of repair, namely, cosmetic repair, 
epoxy injection, partial wall replacement, and wall replacement, are appropriate for 
performance-based evaluation of squat reinforced concrete walls. Each method of repair 
is associated with a damage state and experimental data are used to develop fragility 
functions for each method of repair using different probability distributions. The best fit 
on the fragility data is generally obtained using the lognormal distribution. 

9.3 Future Research 

A list of future research topics relevant to squat reinforced concrete walls follows based on the 
gaps in knowledge identified in, but not addressed by this report: 

1. More experimental data are needed to assess the affect of horizontal web reinforcement 
ratio on squat wall behavior.  

2. Digital load-displacement relationships from squat wall tests are essential to optimize the 
parameters for hysteretic deterioration models. The parameters evaluated in this study 
should be reassessed as new data becomes available. 

3. Boundary elements can significantly affect the response of squat reinforced concrete 
walls. Barbells can be considered to be fully effective in resisting lateral loads. However, 
finite element analysis results and statistical evaluation of available data show that the 
peak shear strength of squat walls with wide flanges can be simulated best using an 
effective flange width. However, the volume of test data for squat walls with wide 
flanges is modest and further experimental data is needed to establish robust rules for the 
effectiveness of flanges in resisting shear. 

4. The flow potential function in ABAQUS, more specifically, the form of the dilation angle 
parameter can be improved. Currently, the predictions are affected significantly by the 
choice of dilation angle. More test data on the triaxial behavior of concrete is needed to 
accurately define this parameter. The parameters of the experimental program should 
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include concrete compressive strength and degree of confinement. The direction of 
plastic strain increments must be monitored. 
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A-1

Appendix A – Squat Wall Database 

Table A-1 through Table A-4 present information on the rectangular walls; Table A-5 through 
Table A-8 present information on walls with barbells and flanges. In Table A-1 through Table 
A-8, wt  is the thickness of the wall, wh  is the height of the wall, wl  is the length of the wall, 

/ wM Vl  is the moment-to-shear ratio, beh  is the length of the boundary element, beρ  is the 
vertical boundary element reinforcement ratio calculated by dividing the area of the 
reinforcement in the boundary element to the area of the boundary element, vρ  is the vertical 
web reinforcement ratio, vallρ  is the ratio area of the all vertical reinforcement to the wall area,  

hρ  is the horizontal web reinforcement ratio, Noc-HR and Noc-VR are the number of 
reinforcement curtains for horizontal and vertical web reinforcement, hs  and vs  are the spacing 
of the horizontal and vertical web reinforcement, cf ′  is the peak compressive stress of concrete, 

ybef  and ubef  are the yield and ultimate strengths of the vertical boundary element reinforcement, 

yvf  and uvf  are the yield and ultimate strengths of the vertical web reinforcement, yhf  and uhf  
are the yield and ultimate strengths of the horizontal web reinforcement, P  is the axial force at 
the wall, wA  is the wall area for walls with rectangular cross sections, tA  is the total wall area for 
barbell and flanged walls, flexV  is the shear corresponding to flexural strength of the wall, and 

peakV  is the experimentally measured peak shear strength of the wall. 

 

 

 

 

 

 

 

 

 

 



 

A-2

Table A-1 Geometric properties of the walls with rectangular cross-sections 

No. Researcher Specimen 
ID 

wt  
(in) 

wh  
(in) 

wl  
(in) 

/w wh l  / wM Vl  /w wl t  beh  
(in) 

1 Alexander 1 4.00 54.0 108.0 0.50 0.50 27.0 none 

2 Cardenas SW-7 3.00 75.0 75.0 1.00 1.08 25.0 7.50 

3 Cardenas SW-8 3.00 75.0 75.0 1.00 1.08 25.0 none 
4 Cardenas SW-9 3.00 75.0 75.0 1.00 1.08 25.0 none 
5 Cardenas SW-10 3.00 75.0 75.0 1.00 1.08 25.0 7.50 

6 Cardenas SW-11 3.00 75.0 75.0 1.00 1.08 25.0 7.50 

7 Cardenas SW-12 3.00 75.0 75.0 1.00 1.08 25.0 7.50 

8 Cardenas SW-13 3.00 75.0 75.0 1.00 1.08 25.0 none 

9 Pilakoutas SW4 2.36 47.2 23.6 2.00 2.13 10.0 4.33 

10 Pilakoutas SW5 2.36 47.2 23.6 2.00 2.13 10.0 2.36 

11 Pilakoutas SW6 2.36 47.2 23.6 2.00 2.13 10.0 4.33 

12 Pilakoutas SW7 2.36 47.2 23.6 2.00 2.13 10.0 2.36 

13 Pilakoutas SW8 2.36 47.2 23.6 2.00 2.13 10.0 4.33 

14 Pilakoutas SW9 2.36 47.2 23.6 2.00 2.13 10.0 4.33 

15 Greifenhagen M1 3.94 24.0 39.4 0.61 0.69 10.0 none 
16 Greifenhagen M2 3.94 24.0 39.4 0.61 0.69 10.0 none 
17 Greifenhagen M3 3.15 24.0 35.4 0.68 0.69 11.3 none 
18 Greifenhagen M4 3.15 24.0 35.4 0.68 0.69 11.3 none 
19 Hidalgo 1 4.72 78.7 39.4 2.00 1.00 8.3 3.94 

20 Hidalgo 2 4.72 78.7 39.4 2.00 1.00 8.3 3.94 

21 Hidalgo 4 4.72 78.7 39.4 2.00 1.00 8.3 3.94 

22 Hidalgo 6 4.72 70.9 51.2 1.38 0.69 10.8 5.12 

23 Hidalgo 7 4.72 70.9 51.2 1.38 0.69 10.8 5.12 

24 Hidalgo 8 4.72 70.9 51.2 1.38 0.69 10.8 5.12 

25 Hidalgo 9 3.94 70.9 51.2 1.38 0.69 13.0 5.12 

26 Hidalgo 10 3.15 70.9 51.2 1.38 0.69 16.3 5.12 

27 Hidalgo 11 3.94 55.1 55.1 1.00 0.50 14.0 5.51 

28 Hidalgo 12 3.94 55.1 55.1 1.00 0.50 14.0 5.51 

29 Hidalgo 13 3.94 55.1 55.1 1.00 0.50 14.0 5.51 

30 Hidalgo 14 3.15 47.2 66.9 0.71 0.35 21.3 6.69 

31 Hidalgo 15 3.15 47.2 66.9 0.71 0.35 21.3 6.69 

32 Hidalgo 16 3.15 47.2 66.9 0.71 0.35 21.3 6.69 

33 Hidalgo 21 3.94 70.9 51.2 1.38 0.69 13.0 5.12 
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Table A-1 Geometric properties of the walls with rectangular cross-sections (cont’d) 

No. Researcher Specimen 
ID 

wt  
(in) 

wh  
(in) 

wl  
(in) 

/w wh l  / wM Vl  /w wl t  beh  
(in) 

34 Hidalgo 22 3.94 70.9 51.2 1.38 0.69 13.0 5.12 

35 Hidalgo 23 3.94 70.9 51.2 1.38 0.69 13.0 5.12 

36 Hidalgo 24 3.94 70.9 51.2 1.38 0.69 13.0 5.12 

37 Hidalgo 25 3.94 55.1 55.1 1.00 0.50 14.0 5.51 

38 Hidalgo 26 3.94 55.1 55.1 1.00 0.50 14.0 5.51 

39 Hidalgo 27 3.94 55.1 55.1 1.00 0.50 14.0 5.51 

40 Hidalgo 28 3.94 55.1 55.1 1.00 0.50 14.0 5.51 

41 Hidalgo 29 3.15 41.3 59.1 0.70 0.35 18.8 5.91 

42 Hidalgo 30 3.15 41.3 59.1 0.70 0.35 18.8 5.91 

43 Hidalgo 31 3.15 41.3 59.1 0.70 0.35 18.8 5.91 

44 Hidalgo 32 3.15 41.3 59.1 0.70 0.35 18.8 5.91 

45 Hirosawa 72 6.30 63.0 66.9 0.94 1.00 10.6 6.69 

46 Hirosawa 73 6.30 63.0 66.9 0.94 1.00 10.6 6.69 

47 Hirosawa 74 6.30 63.0 66.9 0.94 1.00 10.6 6.69 

48 Hirosawa 75 6.30 63.0 66.9 0.94 1.00 10.6 6.69 

49 Hirosawa 76 6.30 63.0 66.9 0.94 1.00 10.6 6.69 

50 Hirosawa 77 6.30 63.0 66.9 0.94 1.00 10.6 6.69 

51 Hirosawa 78 6.30 63.0 66.9 0.94 1.00 10.6 6.69 

52 Hirosawa 79 6.30 63.0 66.9 0.94 1.00 10.6 6.69 

53 Hirosawa 80 6.30 63.0 66.9 0.94 1.00 10.6 6.69 

54 Hirosawa 81 6.30 63.0 66.9 0.94 1.00 10.6 6.69 

55 Hirosawa 82 6.30 63.0 33.5 1.88 2.00 5.3 3.35 

56 Hirosawa 83 6.30 63.0 33.5 1.88 2.00 5.3 3.35 

57 Hirosawa 84 6.30 63.0 33.5 1.88 2.00 5.3 3.35 

58 Hirosawa 85 6.30 63.0 33.5 1.88 2.00 5.3 3.35 

59 Lefas SW11 2.76 29.5 29.5 1.00 1.10 10.7 5.51 

60 Lefas SW12 2.76 29.5 29.5 1.00 1.10 10.7 5.51 

61 Lefas SW13 2.76 29.5 29.5 1.00 1.10 10.7 5.51 

62 Lefas SW14 2.76 29.5 29.5 1.00 1.10 10.7 5.51 

63 Lefas SW15 2.76 29.5 29.5 1.00 1.10 10.7 5.51 

64 Lefas SW16 2.76 29.5 29.5 1.00 1.10 10.7 5.51 

65 Lefas SW17 2.76 29.5 29.5 1.00 1.10 10.7 5.51 

66 Lefas SW21 2.56 51.2 25.6 2.00 2.12 10.0 5.51 
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Table A-1 Geometric properties of the walls with rectangular cross-sections (cont’d) 

No. Researcher Specimen 
ID 

wt  
(in) 

wh  
(in) 

wl  
(in) 

/w wh l  / wM Vl  /w wl t  beh  
(in) 

67 Lefas SW22 2.56 51.2 25.6 2.00 2.12 10.0 5.51 

68 Lefas SW23 2.56 51.2 25.6 2.00 2.12 10.0 5.51 

69 Lefas SW24 2.56 51.2 25.6 2.00 2.12 10.0 5.51 

70 Lefas SW26 2.56 51.2 25.6 2.00 2.12 10.0 5.51 

71 Lefas SW30 2.56 51.2 25.6 2.00 2.12 10.0 5.51 

72 Lefas SW31 2.56 51.2 25.6 2.00 2.12 10.0 5.51 

73 Lefas SW32 2.56 51.2 25.6 2.00 2.12 10.0 5.51 

74 Lefas SW33 2.56 51.2 25.6 2.00 2.12 10.0 5.51 

75 Maier S4 3.94 47.2 46.5 1.02 1.12 11.8 none 
76 Maier S9 3.94 47.2 46.5 1.02 1.12 11.8 none 
77 Rothe T01 3.15 43.3 31.5 1.38 1.50 10.0 5.91 

78 Rothe T04 3.15 43.3 31.5 1.38 1.50 10.0 5.91 

79 Rothe T05 3.15 43.3 31.5 1.38 1.50 10.0 5.91 

80 Rothe T10 3.15 43.3 31.5 1.38 1.50 10.0 5.91 

81 Rothe T11 3.15 43.3 31.5 1.38 1.50 10.0 5.91 

82 Wiradinata Wall-1 3.94 39.4 78.7 0.50 0.58 20.0 12.60 

83 Wiradinata Wall-2 3.94 19.7 78.7 0.25 0.33 20.0 12.60 

84 Pilette Wall-4 3.94 39.4 78.7 0.50 0.58 20.0 12.60 

85 Pilette Wall-5 3.94 39.4 78.7 0.50 0.58 20.0 9.84 

86 M.-Doostdar Wall-7 3.94 59.1 78.7 0.75 0.82 20.0 12.60 

87 M.-Doostdar Wall-8 3.94 59.1 59.1 1.00 1.09 15.0 14.17 

88 Salonikios MSW1 3.94 70.9 47.2 1.50 1.60 12.0 9.45 

89 Salonikios MSW3 3.94 70.9 47.2 1.50 1.60 12.0 9.45 

90 Salonikios MSW6 3.94 70.9 47.2 1.50 1.60 12.0 9.45 

91 Salonikios LSW1 3.94 47.2 47.2 1.00 1.10 12.0 9.45 

92 Salonikios LSW2 3.94 47.2 47.2 1.00 1.10 12.0 9.45 

93 Salonikios LSW3 3.94 47.2 47.2 1.00 1.10 12.0 9.45 

94 Sheu SWN-1B 3.94 19.7 39.4 0.50 0.65 10.0 none 
95 Sheu SWN-5B 3.94 29.5 39.4 0.75 0.90 10.0 none 
96 Sheu SWN-1D 3.94 19.7 39.4 0.50 0.65 10.0 none 
97 Sheu SWN-5D 3.94 29.5 39.4 0.75 0.90 10.0 none 
98 Sheu SW-0E 3.94 19.7 39.4 0.50 0.65 10.0 none 
99 Sheu SW-1E 3.94 19.7 39.4 0.50 0.65 10.0 none 
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Table A-1 Geometric properties of the walls with rectangular cross-sections (cont’d) 

No. Researcher Specimen 
ID 

wt  
(in) 

wh  
(in) 

wl  
(in) 

/w wh l  / wM Vl  /w wl t  beh  
(in) 

100 Sheu SW-9E 3.94 29.5 39.4 0.75 0.90 10.0 none 
101 Sheu SW-1 3.94 19.7 39.4 0.50 0.65 10.0 none 
102 Sheu SW-1A 3.94 19.7 39.4 0.50 0.65 10.0 none 
103 Sheu SW-2 3.94 19.7 39.4 0.50 0.65 10.0 none 
104 Sheu SW-3 3.94 19.7 39.4 0.50 0.65 10.0 none 
105 Sheu SW-4 3.94 19.7 39.4 0.50 0.65 10.0 none 
106 Sheu SW-4A 3.94 19.7 39.4 0.50 0.65 10.0 none 
107 Sheu SW-5 3.94 19.7 39.4 0.50 0.65 10.0 none 
108 Sheu SW-6 3.94 19.7 39.4 0.50 0.65 10.0 none 
109 Sheu SW9 3.94 19.7 39.4 0.50 0.65 10.0 none 
110 Sheu SW10 3.94 19.7 39.4 0.50 0.65 10.0 none 
111 Sheu SW11 3.94 19.7 39.4 0.50 0.65 10.0 none 
112 Sheu SW12 3.94 19.7 39.4 0.50 0.65 10.0 none 
113 Sheu SW13 3.94 19.7 39.4 0.50 0.65 10.0 none 
114 Sheu SW14 3.94 19.7 39.4 0.50 0.65 10.0 none 
115 Sheu SW15 3.94 29.5 39.4 0.75 0.90 10.0 none 
116 Sheu SW16 3.94 29.5 39.4 0.75 0.90 10.0 none 
117 Sheu SW17 3.94 29.5 39.4 0.75 0.90 10.0 none 
118 Sheu SW18 3.94 29.5 39.4 0.75 0.90 10.0 none 
119 Sheu SW19 3.94 29.5 39.4 0.75 0.90 10.0 none 
120 Sheu SW20 3.94 29.5 39.4 0.75 0.90 10.0 none 
121 Synge Wall-1 3.94 59.1 118.1 0.50 0.57 30.0 9.45 

122 Xie W-1A 6.00 48.0 96.0 0.50 0.59 16.0 none 

123 Yoshizaki 165 2.36 31.5 31.5 1.00 1.08 13.3 3.15 

124 Yoshizaki 166 2.36 31.5 31.5 1.00 1.08 13.3 3.15 

125 Yoshizaki 167 2.36 31.5 31.5 1.00 1.08 13.3 3.15 

126 Yoshizaki 168 2.36 31.5 31.5 1.00 1.08 13.3 3.15 

127 Yoshizaki 169 2.36 31.5 31.5 1.00 1.08 13.3 3.15 

128 Yoshizaki 170 2.36 31.5 47.2 0.67 0.72 20.0 4.72 

129 Yoshizaki 171 2.36 31.5 47.2 0.67 0.72 20.0 4.72 

130 Yoshizaki 172 2.36 31.5 47.2 0.67 0.72 20.0 4.72 

131 Yoshizaki 173 2.36 31.5 47.2 0.67 0.72 20.0 4.72 

132 Yoshizaki 174 2.36 31.5 47.2 0.67 0.72 20.0 4.72 
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Table A-1 Geometric properties of the walls with rectangular cross-sections (cont’d) 

No. Researcher Specimen 
ID 

wt  
(in) 

wh  
(in) 

wl  
(in) 

/w wh l  / wM Vl  /w wl t  beh  
(in) 

133 Yoshizaki 175 2.36 31.5 63.0 0.50 0.54 26.7 6.30 

134 Yoshizaki 176 2.36 31.5 63.0 0.50 0.54 26.7 6.30 

135 Yoshizaki 177 2.36 31.5 63.0 0.50 0.54 26.7 6.30 

136 Yoshizaki 178 2.36 31.5 63.0 0.50 0.54 26.7 6.30 

137 Yoshizaki 179 2.36 31.5 63.0 0.50 0.54 26.7 6.30 

138 Massone wp111-9 6.00 48.0 54.0 0.89 0.44 9.0 7.50 

139 Massone wp111-10 6.00 48.0 54.0 0.89 0.44 9.0 7.50 

140 Massone wp1105-8 6.00 48.0 54.0 0.89 0.44 9.0 7.50 

141 Massone wp1105-7 6.00 48.0 54.0 0.89 0.44 9.0 7.50 

142 Massone wp110-5 6.00 48.0 54.0 0.89 0.44 9.0 7.50 

143 Massone wp110-6 6.00 48.0 54.0 0.89 0.44 9.0 7.50 

144 Kuang U1.0 3.94 47.2 47.2 1.00 1.13 12.0  none 

145 Kuang U1.5 3.94 70.9 47.2 1.50 1.63 12.0  none 

146 Kuang C1.0 3.94 47.2 47.2 1.00 1.13 12.0 9.84 

147 Kuang C1.5 3.94 70.9 47.2 1.50 1.63 12.0 9.84 

148 Kuang U1.0-BC 3.94 47.2 47.2 1.00 1.13 12.0 11.81 

149 Kuang U1.5-BC 3.94 70.9 47.2 1.50 1.63 12.0 11.81 

150 Kuang U1.0-BC2 3.94 47.2 47.2 1.00 1.13 12.0 11.81 
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Table A-2 Reinforcement information for the walls with rectangular cross-sections 

No. Researcher Specimen 
ID 

beρ  
(%) 

vρ  
(%)

vallρ  
(%)

hρ  
(%)

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs  
(in) 

1 Alexander 1 0.00 0.30 0.30 0.30 1 1 4.5 4.5 

2 Cardenas SW-7 8.19 0.85 2.32 0.27 1 1 5.0 10.0 

3 Cardenas SW-8 0.00 2.87 2.87 0.27 1 1 5.0 3.5 

4 Cardenas SW-9 0.00 2.87 2.87 0.93 1 1 3.8 3.5 

5 Cardenas SW-10 8.19 0.00 1.64 0.00 none none none none 

6 Cardenas SW-11 11.79 0.00 2.36 0.69 1 none 5.0 none 

7 Cardenas SW-12 11.79 0.00 2.36 0.93 1 none 3.8 none 

8 Cardenas SW-13 0.00 2.87 2.87 0.93 1 1 3.8 3.5 

9 Pilakoutas SW4 6.86 0.50 2.83 0.39 2 2 9.4 5.5 

10 Pilakoutas SW5 12.75 0.59 3.02 0.31 2 2 4.7 4.7 

11 Pilakoutas SW6 6.86 0.50 2.83 0.31 2 2 4.7 5.5 

12 Pilakoutas SW7 12.75 0.59 3.02 0.39 2 2 9.4 4.7 

13 Pilakoutas SW8 7.14 0.50 2.93 0.28 2 2 3.9 5.5 

14 Pilakoutas SW9 7.14 0.50 2.93 0.56 2 2 2.8 5.5 

15 Greifenhagen M1 0.00 0.34 0.34 0.37 2 2 7.9 7.5 

16 Greifenhagen M2 0.00 0.34 0.34 0.00 none 2 none 7.5 

17 Greifenhagen M3 0.00 0.39 0.39 0.26 2 2 4.8 8.6 

18 Greifenhagen M4 0.00 0.39 0.39 0.26 2 2 4.8 8.6 

19 Hidalgo 1 8.50 0.25 1.90 0.13 1 1 NR NR 

20 Hidalgo 2 8.50 0.25 1.90 0.25 1 1 NR NR 

21 Hidalgo 4 10.58 0.25 2.32 0.38 1 1 NR NR 

22 Hidalgo 6 6.54 0.26 1.51 0.13 1 1 NR NR 

23 Hidalgo 7 6.54 0.13 1.41 0.25 1 1 NR NR 

24 Hidalgo 8 6.54 0.26 1.51 0.25 1 1 NR NR 

25 Hidalgo 9 7.00 0.26 1.60 0.26 1 1 NR NR 

26 Hidalgo 10 7.31 0.25 1.66 0.25 1 1 NR NR 

27 Hidalgo 11 5.71 0.26 1.35 0.13 1 1 NR NR 

28 Hidalgo 12 5.71 0.13 1.24 0.26 1 1 NR NR 

29 Hidalgo 13 5.71 0.26 1.35 0.26 1 1 NR NR 

30 Hidalgo 14 4.41 0.25 1.08 0.13 1 1 NR NR 

31 Hidalgo 15 4.41 0.13 0.98 0.26 1 1 NR NR 

32 Hidalgo 16 4.41 0.25 1.08 0.25 1 1 NR NR 

33 Hidalgo 21 4.62 0.00 0.92 0.00 none none none none 
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Table A-2 Reinforcement information for the walls with rectangular cross-sections (cont’d) 

No. Researcher Specimen 
ID 

beρ  
(%) 

vρ  
(%)

vallρ  
(%)

hρ  
(%)

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs  
(in) 

34 Hidalgo 22 4.62 0.00 0.92 0.00 none none none none 

35 Hidalgo 23 8.54 0.00 1.71 0.25 1 none NR N/A 

36 Hidalgo 24 4.62 0.25 1.12 0.00 none 1 none NR 

37 Hidalgo 25 4.29 0.00 0.86 0.00 none none none none 

38 Hidalgo 26 4.29 0.00 0.86 0.00 none none none none 

39 Hidalgo 27 6.50 0.00 1.30 0.25 1 none NR none 

40 Hidalgo 28 4.29 0.25 1.06 0.00 none 1 none NR 

41 Hidalgo 29 5.00 0.00 1.00 0.00 none none none none 

42 Hidalgo 30 5.00 0.00 1.00 0.00 none none none none 

43 Hidalgo 31 6.67 0.00 1.33 0.25 1 none NR none 

44 Hidalgo 32 5.00 0.25 1.20 0.00 none 1 none NR 

45 Hirosawa 72 5.68 0.51 1.54 0.26 2 2 5.2 5.2 

46 Hirosawa 73 5.68 0.51 1.54 0.26 2 2 5.2 5.2 

47 Hirosawa 74 5.68 0.51 1.54 0.57 2 2 2.6 5.2 

48 Hirosawa 75 5.68 0.51 1.54 0.57 2 2 2.6 5.2 

49 Hirosawa 76 5.68 0.51 1.54 1.08 2 2 1.3 5.2 

50 Hirosawa 77 5.68 0.51 1.54 1.08 2 2 1.3 5.2 

51 Hirosawa 78 2.51 0.51 0.91 0.61 2 2 2.6 5.2 

52 Hirosawa 79 2.51 0.51 0.91 0.61 2 2 2.6 5.2 

53 Hirosawa 80 2.51 0.51 0.91 1.08 2 2 1.3 5.2 

54 Hirosawa 81 2.51 0.51 0.91 1.08 2 2 1.3 5.2 

55 Hirosawa 82 9.91 0.40 2.31 0.57 2 2 2.6 5.2 

56 Hirosawa 83 9.91 0.40 2.31 0.57 2 2 2.6 5.2 

57 Hirosawa 84 8.44 0.40 2.01 1.08 2 2 1.3 5.2 

58 Hirosawa 85 8.44 0.40 2.01 1.08 2 2 1.3 5.2 

59 Lefas SW11 3.08 2.14 2.49 1.17 2 2 3.1 2.4 

60 Lefas SW12 3.08 2.14 2.49 1.17 2 2 3.1 2.4 

61 Lefas SW13 3.08 2.14 2.49 1.17 2 2 3.1 2.4 

62 Lefas SW14 3.08 2.14 2.49 1.17 2 2 3.1 2.4 

63 Lefas SW15 3.08 2.14 2.49 1.17 2 2 3.1 2.4 

64 Lefas SW16 3.08 2.14 2.49 1.17 2 2 3.1 2.4 

65 Lefas SW17 3.08 2.14 2.49 0.37 2 2 9.4 2.4 
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Table A-2 Reinforcement information for the walls with rectangular cross-sections (cont’d) 

No. Researcher Specimen 
ID 

beρ  
(%) 

vρ  
(%)

vallρ  
(%)

hρ  
(%)

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs  
(in) 

66 Lefas SW21 3.32 2.09 2.62 0.87 2 2 4.5 2.4 

67 Lefas SW22 3.32 2.09 2.62 0.87 2 2 4.5 2.4 

68 Lefas SW23 3.32 2.09 2.62 0.87 2 2 4.5 2.4 

69 Lefas SW24 3.32 2.09 2.62 0.87 2 2 4.5 2.4 

70 Lefas SW26 3.32 2.09 2.62 0.40 2 2 4.5 2.4 

71 Lefas SW30 3.32 1.26 2.14 0.36 2 2 4.5 2.4 

72 Lefas SW31 3.32 1.26 2.14 0.36 2 2 4.5 2.4 

73 Lefas SW32 3.32 1.26 2.14 0.36 2 2 4.5 2.4 

74 Lefas SW33 3.32 1.26 2.14 0.36 2 2 9.1 2.4 

75 Maier S4 0.00 1.02 1.02 1.01 2 2 3.9 3.9 

76 Maier S9 0.00 1.02 1.02 0.00 none 2 none 3.9 

77 Rothe T01 1.41 0.71 0.97 0.51 2 2 6.2 4.7 

78 Rothe T04 1.41 0.71 0.97 0.00 none 2 none 4.7 

79 Rothe T05 2.51 0.71 1.38 0.51 2 2 6.2 4.7 

80 Rothe T10 1.41 0.71 0.97 0.51 2 2 6.2 4.7 

81 Rothe T11 1.41 0.71 0.97 0.51 2 2 6.2 4.7 

82 Wiradinata Wall-1 1.25 0.59 0.80 0.26 2 2 11.8 11.2 

83 Wiradinata Wall-2 1.25 0.59 0.80 0.26 2 2 11.8 11.2 

84 Pilette Wall-4 1.25 0.59 0.80 0.80 2 2 9.8 11.2 

85 Pilette Wall-5 1.60 1.07 1.20 1.20 2 2 6.9 6.9 

86 M.-Doostdar Wall-7 1.25 0.59 0.80 0.80 2 2 9.8 11.2 

87 M.-Doostdar Wall-8 1.11 0.51 0.80 0.80 2 2 9.8 11.2 

88 Salonikios MSW1 1.70 0.57 1.02 0.57 3 3 3.9 3.9 

89 Salonikios MSW3 1.30 0.28 0.69 0.28 2 2 3.9 3.9 

90 Salonikios MSW6 1.70 0.57 1.02 0.57 2 2 3.9 3.9 

91 Salonikios LSW1 1.70 0.57 1.02 0.57 3 3 3.9 3.9 

92 Salonikios LSW2 1.30 0.28 0.69 0.28 2 2 3.9 3.9 

93 Salonikios LSW3 1.30 0.28 0.69 0.28 2 2 3.9 3.9 

94 Sheu SWN-1B 0.00 0.43 0.43 0.57 1 1 5.9 7.1 

95 Sheu SWN-5B 0.00 0.43 0.43 0.57 1 1 5.1 7.1 

96 Sheu SWN-1D 0.00 0.43 0.43 0.57 1 1 5.9 7.1 

97 Sheu SWN-5D 0.00 0.43 0.43 0.57 1 1 5.1 7.1 
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Table A-2 Reinforcement information for the walls with rectangular cross-sections (cont’d) 

No. Researcher Specimen 
ID 

beρ  
(%) 

vρ  
(%)

vallρ  
(%)

hρ  
(%)

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs  
(in) 

98 Sheu SW-0E 0.00 0.71 0.71 0.71 1 1 3.9 4.1 

99 Sheu SW-1E 0.00 0.71 0.71 0.71 1 1 3.9 4.1 

100 Sheu SW-9E 0.00 1.27 1.27 1.18 1 1 4.3 4.1 

101 Sheu SW-1 0.00 0.43 0.43 0.57 1 1 5.9 7.1 

102 Sheu SW-1A 0.00 0.43 0.43 0.57 1 1 5.9 7.1 

103 Sheu SW-2 0.00 0.43 0.43 0.57 1 1 5.9 7.1 

104 Sheu SW-3 0.00 0.43 0.43 0.57 1 1 5.9 7.1 

105 Sheu SW-4 0.00 0.77 0.77 1.03 1 1 5.9 7.1 

106 Sheu SW-4A 0.00 0.77 0.77 1.03 1 1 5.9 7.1 

107 Sheu SW-5 0.00 0.77 0.77 1.03 1 1 5.9 7.1 

108 Sheu SW-6 0.00 0.77 0.77 1.03 1 1 5.9 7.1 

109 Sheu SW9 0.00 0.79 0.79 0.57 1 1 5.3 8.9 

110 Sheu SW10 0.00 0.76 0.76 0.57 1 1 5.3 7.1 

111 Sheu SW11 0.00 0.79 0.79 0.57 1 1 5.3 8.9 

112 Sheu SW12 0.00 0.78 0.78 0.57 1 1 5.3 8.9 

113 Sheu SW13 0.00 0.76 0.76 0.00 none 1 none 7.1 

114 Sheu SW14 0.00 0.76 0.76 1.14 1 1 2.3 7.1 

115 Sheu SW15 0.00 0.79 0.79 0.57 1 1 5.1 8.9 

116 Sheu SW16 0.00 0.76 0.76 0.57 1 1 5.1 7.1 

117 Sheu SW17 0.00 0.79 0.79 0.57 1 1 5.1 8.9 

118 Sheu SW18 0.00 0.78 0.78 0.57 1 1 5.1 8.9 

119 Sheu SW19 0.00 0.76 0.76 0.00 none 1 none 7.1 

120 Sheu SW20 0.00 0.76 0.76 0.57 1 1 5.1 7.1 

121 Synge Wall-1 1.89 0.81 0.98 1.61 1 1 4.7 5.5 

122 Xie W-1A 0.00 0.37 0.37 0.31 2 2 13.5 13.5 

123 Yoshizaki 165 5.29 0.22 1.23 0.23 1 1 9.4 9.4 

124 Yoshizaki 166 5.88 0.73 1.76 0.82 1 1 2.4 2.4 

125 Yoshizaki 167 8.29 0.44 2.01 0.41 1 1 4.7 4.7 

126 Yoshizaki 168 8.88 0.73 2.36 0.82 1 1 2.4 2.4 

127 Yoshizaki 169 8.88 1.17 2.71 1.17 1 1 1.6 1.6 

128 Yoshizaki 170 3.53 0.24 0.90 0.23 1 1 9.4 9.4 

129 Yoshizaki 171 3.92 0.78 1.41 0.82 1 1 2.4 2.4 
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Table A-2 Reinforcement information for the walls with rectangular cross-sections (cont’d) 

No. Researcher Specimen 
ID 

beρ  
(%) 

vρ  
(%)

vallρ  
(%)

hρ  
(%)

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs  
(in) 

130 Yoshizaki 172 5.53 0.44 1.46 0.41 1 1 4.7 4.7 

131 Yoshizaki 173 5.92 0.78 1.81 0.82 1 1 2.4 2.4 

132 Yoshizaki 174 5.92 1.17 2.12 1.17 1 1 1.6 1.6 

133 Yoshizaki 175 2.65 0.22 0.70 0.23 1 1 9.4 9.4 

134 Yoshizaki 176 2.94 0.80 1.23 0.82 1 1 2.4 2.4 

135 Yoshizaki 177 4.44 0.37 1.18 0.41 1 1 4.7 4.7 

136 Yoshizaki 178 4.44 0.80 1.53 0.82 1 1 2.4 2.4 

137 Yoshizaki 179 4.73 1.17 1.88 1.17 1 1 1.6 1.6 

138 Massone wp111-9 0.87 0.25 0.42 0.27 1 1 12.0 13.0 

139 Massone wp111-10 0.87 0.25 0.42 0.27 1 1 12.0 13.0 

140 Massone wp1105-8 0.87 0.25 0.42 0.27 1 1 12.0 13.0 

141 Massone wp1105-7 0.87 0.25 0.42 0.27 1 1 12.0 13.0 

142 Massone wp110-5 0.87 0.25 0.42 0.27 1 1 12.0 13.0 

143 Massone wp110-6 0.87 0.25 0.42 0.27 1 1 12.0 13.0 

144 Kuang U1.0 0.00 0.92 0.92 1.05 2 2 5.9 7.1 

145 Kuang U1.5 0.00 0.92 0.92 1.05 2 2 5.9 7.1 

146 Kuang C1.0 1.89 0.45 1.05 1.05 2 2 5.9 11.8 

147 Kuang C1.5 1.89 0.45 1.05 1.05 2 2 5.9 11.8 

148 Kuang U1.0-BC 1.05 0.79 0.92 1.05 2 2 5.9 7.1 

149 Kuang U1.5-BC 1.05 0.79 0.92 1.05 2 2 5.9 7.1 

150 Kuang U1.0-BC2 1.05 0.79 0.92 1.05 2 2 5.9 7.1 
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Table A-3 Material properties of the walls with rectangular cross-sections 

No. Researcher Specimen 
ID 

cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

1 Alexander 1 3000  N/A NR 52.0 NR 52.0 NR 

2 Cardenas SW-7 6240 65.0 NR 65.0 NR 60.0 NR 

3 Cardenas SW-8 6160  N/A NR 65.0 NR 67.5 NR 

4 Cardenas SW-9 6240  N/A NR 65.0 NR 60.0 NR 

5 Cardenas SW-10 5850 65.0 NR  N/A NR  N/A NR 

6 Cardenas SW-11 5540 65.0 NR  N/A NR 65.0 NR 

7 Cardenas SW-12 5570 65.0 NR  N/A NR 65.0 NR 

8 Cardenas SW-13 6300  N/A NR 65.0 NR 66.0 NR 

9 Pilakoutas SW4 5352 72.5 94.3 79.8 84.8 79.8 84.8 

10 Pilakoutas SW5 4612 78.3 85.6 79.8 84.8 58.0 65.3 

11 Pilakoutas SW6 5599 72.5 94.3 79.8 84.8 58.0 65.3 

12 Pilakoutas SW7 4641 78.3 85.6 79.8 84.8 79.8 84.8 

13 Pilakoutas SW8 6643 78.3 94.3 79.8 84.8 58.0 65.3 

14 Pilakoutas SW9 5642 78.3 94.3 79.8 84.8 58.0 65.3 

15 Greifenhagen M1 7352  N/A  N/A 73.1 92.0 73.1 92.0 

16 Greifenhagen M2 7395  N/A  N/A 73.1 92.0  N/A  N/A 

17 Greifenhagen M3 2915  N/A  N/A 73.1 92.0 108.1 116.0 

18 Greifenhagen M4 3538  N/A  N/A 73.1 92.0 108.1 116.0 

19 Hidalgo 1 2915 59.2 NR 59.2 NR 59.2 NR 

20 Hidalgo 2 2959 60.6 NR 60.6 NR 60.6 NR 

21 Hidalgo 4 2944 60.6 NR 60.6 NR 60.6 NR 

22 Hidalgo 6 2654 47.3 NR 47.3 NR 47.3 NR 

23 Hidalgo 7 2741 71.1 NR 71.1 NR 71.1 NR 

24 Hidalgo 8 2364 71.1 NR 71.1 NR 71.1 NR 

25 Hidalgo 9 2654 55.3 NR 55.3 NR 55.3 NR 

26 Hidalgo 10 2466 55.4 NR 55.4 NR 55.4 NR 

27 Hidalgo 11 2451 54.7 NR 54.7 NR 54.7 NR 

28 Hidalgo 12 2567 55.3 NR 55.3 NR 55.3 NR 

29 Hidalgo 13 2741 55.8 NR 55.8 NR 55.8 NR 

30 Hidalgo 14 2582 55.3 NR 55.3 NR 55.3 NR 

31 Hidalgo 15 2872 55.3 NR 55.3 NR 55.3 NR 

32 Hidalgo 16 2843 55.3 NR 55.3 NR 55.3 NR 

33 Hidalgo 21 3655 65.0 NR  N/A NR  N/A NR 
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Table A-3 Material properties of the walls with rectangular cross-sections (cont’d) 

No. Researcher Specimen 
ID 

cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

34 Hidalgo 22 2596 65.0 NR  N/A NR  N/A NR 

35 Hidalgo 23 3655 65.0 NR  N/A NR 65.0 NR 

36 Hidalgo 24 3611 65.0 NR 65.0 NR  N/A NR 

37 Hidalgo 25 3611 65.0 NR  N/A NR  N/A NR 

38 Hidalgo 26 2669 65.0 NR  N/A NR  N/A NR 

39 Hidalgo 27 3597 65.0 NR  N/A NR 65.0 NR 

40 Hidalgo 28 3510 65.0 NR 65.0 NR  N/A NR 

41 Hidalgo 29 3495 65.0 NR  N/A NR  N/A NR 

42 Hidalgo 30 2698 65.0 NR  N/A NR  N/A NR 

43 Hidalgo 31 3495 65.0 NR  N/A NR 65.0 NR 

44 Hidalgo 32 3510 65.0 NR 65.0 NR  N/A NR 

45 Hirosawa 72 2503 54.6 NR 59.0 NR 60.8 NR 

46 Hirosawa 73 3015 54.6 NR 59.0 NR 60.8 NR 

47 Hirosawa 74 3015 54.6 NR 59.0 NR 61.1 NR 

48 Hirosawa 75 1991 54.6 NR 59.0 NR 61.1 NR 

49 Hirosawa 76 2133 54.6 NR 59.0 NR 60.2 NR 

50 Hirosawa 77 2660 54.6 NR 59.0 NR 60.2 NR 

51 Hirosawa 78 3015 55.4 NR 59.0 NR 61.0 NR 

52 Hirosawa 79 1991 55.4 NR 59.0 NR 61.0 NR 

53 Hirosawa 80 2133 55.4 NR 59.0 NR 60.2 NR 

54 Hirosawa 81 2660 55.4 NR 59.0 NR 60.2 NR 

55 Hirosawa 82 3015 55.2 NR 59.0 NR 61.1 NR 

56 Hirosawa 83 2589 55.2 NR 59.0 NR 61.1 NR 

57 Hirosawa 84 2589 54.8 NR 59.0 NR 60.2 NR 

58 Hirosawa 85 3015 54.8 NR 59.0 NR 60.2 NR 

59 Lefas SW11 7140 68.2 81.9 68.2 81.9 75.4 88.5 

60 Lefas SW12 7332 68.2 81.9 68.2 81.9 75.4 88.5 

61 Lefas SW13 5423 68.2 81.9 68.2 81.9 75.4 88.5 

62 Lefas SW14 5642 68.2 81.9 68.2 81.9 75.4 88.5 

63 Lefas SW15 5819 68.2 81.9 68.2 81.9 75.4 88.5 

64 Lefas SW16 7052 68.2 81.9 68.2 81.9 75.4 88.5 

65 Lefas SW17 6553 68.2 81.9 68.2 81.9 75.4 88.5 

66 Lefas SW21 5745 68.2 81.9 68.2 81.9 75.4 88.5 
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Table A-3 Material properties of the walls with rectangular cross-sections (cont’d) 

No. Researcher Specimen 
ID 

cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

67 Lefas SW22 6891 68.2 81.9 68.2 81.9 75.4 88.5 

68 Lefas SW23 6480 68.2 81.9 68.2 81.9 75.4 88.5 

69 Lefas SW24 6553 68.2 81.9 68.2 81.9 75.4 88.5 

70 Lefas SW26 3881 68.2 81.9 68.2 81.9 75.4 88.5 

71 Lefas SW30 3881 68.2 81.9 68.2 81.9 75.4 88.5 

72 Lefas SW31 4630 68.2 81.9 68.2 81.9 75.4 88.5 

73 Lefas SW32 7332 68.2 81.9 68.2 81.9 75.4 88.5 

74 Lefas SW33 6685 68.2 81.9 68.2 81.9 75.4 88.5 

75 Maier S4 4772  N/A  N/A 83.3 110.8 83.3 110.8 

76 Maier S9 4235  N/A  N/A 81.2 110.5  N/A  N/A 

77 Rothe T01 3526 60.9 72.5 60.9 72.5 60.9 72.5 

78 Rothe T04 4177 60.9 72.5 60.9 72.5  N/A 72.5 

79 Rothe T05 3510 60.9 72.5 60.9 72.5 60.9 72.5 

80 Rothe T10 4869 72.5 79.8 72.5 79.8 72.5 79.8 

81 Rothe T11 3896 72.5 79.8 72.5 79.8 72.5 79.8 

82 Wiradinata Wall-1 3626 63.1 94.3 63.1 94.3 61.6 79.8 

83 Wiradinata Wall-2 3191 63.1 94.3 63.1 94.3 61.6 79.8 

84 Pilette Wall-4 4786 69.6 111.7 69.6 111.7 69.6 111.7 

85 Pilette Wall-5 3916 69.6 111.7 69.6 111.7 69.6 111.7 

86 M.-Doostdar Wall-7 6527 65.3 94.3 65.3 94.3 65.3 94.3 

87 M.-Doostdar Wall-8 6527 65.3 94.3 65.3 94.3 65.3 94.3 

88 Salonikios MSW1 3785 84.8 NR 86.7 NR 86.7 NR 

89 Salonikios MSW3 3495 84.8 NR 88.5 NR 88.5 NR 

90 Salonikios MSW6 3988 84.8 NR 86.7 NR 86.7 NR 

91 Salonikios LSW1 3219 84.8 NR 86.7 NR 86.7 NR 

92 Salonikios LSW2 3132 84.8 NR 88.5 NR 88.5 NR 

93 Salonikios LSW3 3466 84.8 NR 88.5 NR 88.5 NR 

94 Sheu SWN-1B 3556  N/A  N/A 67.8 104.7 67.8 104.7 

95 Sheu SWN-5B 3627  N/A  N/A 67.8 104.7 67.8 104.7 

96 Sheu SWN-1D 3869  N/A  N/A 67.8 104.7 67.8 104.7 

97 Sheu SWN-5D 4068  N/A  N/A 67.8 104.7 67.8 104.7 

98 Sheu SW-0E 3613  N/A  N/A 71.2 109.9 71.2 109.9 

99 Sheu SW-1E 4907  N/A  N/A 71.2 109.9 71.2 109.9 
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Table A-3 Material properties of the walls with rectangular cross-sections (cont’d) 

No. Researcher Specimen 
ID 

cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

100 Sheu SW-9E 4182  N/A  N/A 65.7 102.4 65.7 102.4 

101 Sheu SW-1 3769  N/A  N/A 70.1 110.9 70.1 110.9 

102 Sheu SW-1A 3911  N/A  N/A 70.1 110.9 70.1 110.9 

103 Sheu SW-2 3769  N/A  N/A 70.1 110.9 70.1 110.9 

104 Sheu SW-3 3954  N/A  N/A 70.1 110.9 70.1 110.9 

105 Sheu SW-4 3840  N/A  N/A 69.7 113.4 69.7 113.4 

106 Sheu SW-4A 3869  N/A  N/A 69.7 113.4 69.7 113.4 

107 Sheu SW-5 3954  N/A  N/A 69.7 113.4 69.7 113.4 

108 Sheu SW-6 4096  N/A  N/A 69.7 113.4 69.7 113.4 

109 Sheu SW9 3776  N/A  N/A 62.6 105.6 67.8 104.7 

110 Sheu SW10 3911  N/A  N/A 65.7 102.4 67.8 104.7 

111 Sheu SW11 3776  N/A  N/A 62.6 105.6 67.8 104.7 

112 Sheu SW12 3840  N/A  N/A 65.0 96.6 67.8 104.7 

113 Sheu SW13 4694  N/A  N/A 65.7 102.4  N/A  N/A 

114 Sheu SW14 4551  N/A  N/A 65.7 102.4 67.8 104.7 

115 Sheu SW15 3769  N/A  N/A 62.6 105.6 67.8 104.7 

116 Sheu SW16 3840  N/A  N/A 65.7 102.4 67.8 104.7 

117 Sheu SW17 3769  N/A  N/A 62.6 105.6 67.8 104.7 

118 Sheu SW18 3840  N/A  N/A 65.0 96.6 67.8 104.7 

119 Sheu SW19 3556  N/A  N/A 65.7 102.4  N/A  N/A 

120 Sheu SW20 2987  N/A  N/A 65.7 102.4 67.8 104.7 

121 Synge Wall-1 3945 43.5 66.7 43.5 66.7 55.1 55.1 

122 Xie W-1A 4250  N/A  N/A 65.8 106.2 65.8 106.2 

123 Yoshizaki 165 3414 48.3 NR 62.9 NR 62.9 NR 

124 Yoshizaki 166 3414 49.7 NR 62.9 NR 62.9 NR 

125 Yoshizaki 167 3414 49.7 NR 62.9 NR 62.9 NR 

126 Yoshizaki 168 3414 50.1 NR 62.9 NR 62.9 NR 

127 Yoshizaki 169 3414 50.1 NR 62.9 NR 62.9 NR 

128 Yoshizaki 170 3556 48.3 NR 62.9 NR 62.9 NR 

129 Yoshizaki 171 3556 49.7 NR 62.9 NR 62.9 NR 

130 Yoshizaki 172 3556 49.7 NR 62.9 NR 62.9 NR 

131 Yoshizaki 173 3556 50.1 NR 62.9 NR 62.9 NR 

132 Yoshizaki 174 3556 50.1 NR 62.9 NR 62.9 NR 
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Table A-3 Material properties of the walls with rectangular cross-sections (cont’d) 

No. Researcher Specimen 
ID 

cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

133 Yoshizaki 175 3698 48.3 NR 62.9 NR 62.9 NR 

134 Yoshizaki 176 3698 49.7 NR 62.9 NR 62.9 NR 

135 Yoshizaki 177 3698 50.1 NR 62.9 NR 62.9 NR 

136 Yoshizaki 178 3698 50.1 NR 62.9 NR 62.9 NR 

137 Yoshizaki 179 3698 50.9 NR 62.9 NR 62.9 NR 

138 Massone wp111-9 4100 61.5 91.5 61.5 91.5 61.5 91.5 

139 Massone wp111-10 4550 61.5 91.5 61.5 91.5 61.5 91.5 

140 Massone wp1105-8 4630 61.5 91.5 61.5 91.5 61.5 91.5 

141 Massone wp1105-7 4640 61.5 91.5 61.5 91.5 61.5 91.5 

142 Massone wp110-5 4340 61.5 91.5 61.5 91.5 61.5 91.5 

143 Massone wp110-6 4500 61.5 91.5 61.5 91.5 61.5 91.5 

144 Kuang U1.0 4409 N/A  NR 75.4 NR 75.4 NR 

145 Kuang U1.5 5062  N/A NR 75.4 NR 75.4 NR 

146 Kuang C1.0 5105 75.4 NR 75.4 NR 75.4 NR 

147 Kuang C1.5 4960 75.4 NR 75.4 NR 75.4 NR 

148 Kuang U1.0-BC 4540 75.4 NR 75.4 NR 75.4 NR 

149 Kuang U1.5-BC 4902 75.4 NR 75.4 NR 75.4 NR 

150 Kuang U1.0-BC2 4946 75.4 NR 75.4 NR 75.4 NR 

 
 

 

 

 

 

 

 



 

A-17

Table A-4 Loading and performance information for the walls with rectangular cross-
sections 

No. Researcher Specimen 
ID 

Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

1 Alexander 1 Cyclic 0.0 73.5 74.0 flexure 

2 Cardenas SW-7 Monotonic 0.0 142.7 116.7 shear 

3 Cardenas SW-8 Monotonic 0.0 151.9 128.1 shear 

4 Cardenas SW-9 Monotonic 0.0 151.9 152.7 flexure 

5 Cardenas SW-10 Monotonic 0.0 106.6 68.7 shear 

6 Cardenas SW-11 Monotonic 0.0 150.4 137.0 shear 

7 Cardenas SW-12 Monotonic 0.0 150.0 148.0 shear 

8 Cardenas SW-13 Cyclic 0.0 152.1 142.1 shear 

9 Pilakoutas SW4 Cyclic 0.0 23.6 23.5 shear 

10 Pilakoutas SW5 Cyclic 0.0 29.5 25.1 shear 

11 Pilakoutas SW6 Cyclic 0.0 23.7 24.2 flexure 

12 Pilakoutas SW7 Cyclic 0.0 29.7 29.1 shear 

13 Pilakoutas SW8 Cyclic 0.0 26.1 21.3 shear 

14 Pilakoutas SW9 Cyclic 0.0 25.8 22.1 shear 

15 Greifenhagen M1 Cyclic 2.2 46.3 45.5 shear 

16 Greifenhagen M2 Cyclic 2.2 45.8 45.7 shear 

17 Greifenhagen M3 Cyclic 9.5 38.8 39.2 flexure 

18 Greifenhagen M4 Cyclic 5.0 33.2 30.3 shear 

19 Hidalgo 1 Cyclic 0.0 97.3 44.5 shear 

20 Hidalgo 2 Cyclic 0.0 100.0 60.7 shear 

21 Hidalgo 4 Cyclic 0.0 119.8 72.8 shear 

22 Hidalgo 6 Cyclic 0.0 117.1 69.5 shear 

23 Hidalgo 7 Cyclic 0.0 164.3 81.8 shear 

24 Hidalgo 8 Cyclic 0.0 171.6 84.1 shear 

25 Hidalgo 9 Cyclic 0.0 152.3 58.0 shear 

26 Hidalgo 10 Cyclic 0.0 98.9 42.0 shear 

27 Hidalgo 11 Cyclic 0.0 150.0 52.8 shear 

28 Hidalgo 12 Cyclic 0.0 142.7 68.3 shear 

29 Hidalgo 13 Cyclic 0.0 154.0 65.0 shear 

30 Hidalgo 14 Cyclic 0.0 170.2 57.3 shear 

31 Hidalgo 15 Cyclic 0.0 157.1 82.7 shear 

32 Hidalgo 16 Cyclic 0.0 170.8 81.4 shear 
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Table A-4 Loading and performance information for the walls with rectangular cross-
sections (cont’d) 

No. Researcher Specimen 
ID 

Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

33 Hidalgo 21 Cyclic 0.0 85.4 58.0 shear 

34 Hidalgo 22 Cyclic 0.0 84.6 49.9 shear 

35 Hidalgo 23 Cyclic 0.0 157.0 74.9 shear 

36 Hidalgo 24 Cyclic 0.0 100.3 52.2 shear 

37 Hidalgo 25 Cyclic 0.0 118.7 79.1 shear 

38 Hidalgo 26 Cyclic 0.0 117.9 58.9 shear 

39 Hidalgo 27 Cyclic 0.0 178.7 110.4 shear 

40 Hidalgo 28 Cyclic 0.0 142.4 58.0 shear 

41 Hidalgo 29 Cyclic 0.0 169.7 90.0 shear 

42 Hidalgo 30 Cyclic 0.0 167.3 80.0 shear 

43 Hidalgo 31 Cyclic 0.0 220.9 87.9 shear 

44 Hidalgo 32 Cyclic 0.0 195.2 77.3 shear 

45 Hirosawa 72 Cyclic 11.4 201.7 173.6 shear 

46 Hirosawa 73 Cyclic 9.4 205.3 174.2 shear 

47 Hirosawa 74 Cyclic 9.4 205.3 177.5 shear 

48 Hirosawa 75 Cyclic 14.3 196.6 182.5 shear 

49 Hirosawa 76 Cyclic 13.3 198.1 178.6 shear 

50 Hirosawa 77 Cyclic 10.7 202.6 196.8 shear 

51 Hirosawa 78 Cyclic 9.4 147.3 148.8 flexure 

52 Hirosawa 79 Cyclic 14.3 138.5 132.9 shear 

53 Hirosawa 80 Cyclic 13.3 139.9 147.7 flexure 

54 Hirosawa 81 Cyclic 10.7 144.9 160.4 flexure 

55 Hirosawa 82 Cyclic 9.4 72.6 71.4 shear 

56 Hirosawa 83 Cyclic 11.0 71.9 68.4 shear 

57 Hirosawa 84 Cyclic 11.0 63.6 71.7 flexure 

58 Hirosawa 85 Cyclic 9.4 64.4 75.5 flexure 

59 Lefas SW11 Monotonic 0.0 51.4 58.5 flexure 

60 Lefas SW12 Monotonic 8.7 64.5 76.4 flexure 

61 Lefas SW13 Monotonic 18.1 64.4 74.2 flexure 

62 Lefas SW14 Monotonic 0.0 49.4 59.6 flexure 

63 Lefas SW15 Monotonic 8.8 59.2 71.9 flexure 

64 Lefas SW16 Monotonic 18.0 73.0 79.8 flexure 
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Table A-4 Loading and performance information for the walls with rectangular cross-
sections (cont’d) 

No. Researcher Specimen 
ID 

Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

65 Lefas SW17 Monotonic 0.0 50.8 55.5 flexure 

66 Lefas SW21 Monotonic 0.0 22.0 28.6 flexure 

67 Lefas SW22 Monotonic 9.1 27.6 33.7 flexure 

68 Lefas SW23 Monotonic 18.2 30.2 40.5 flexure 

69 Lefas SW24 Monotonic 0.0 22.3 27.0 flexure 

70 Lefas SW26 Monotonic 0.0 20.5 27.7 flexure 

71 Lefas SW30 Monotonic 0.0 18.2 26.5 flexure 

72 Lefas SW31 Cyclic 0.0 18.7 26.0 flexure 

73 Lefas SW32 Cyclic 0.0 19.7 25.0 flexure 

74 Lefas SW33 Cyclic 0.0 19.5 25.1 flexure 

75 Maier S4 Monotonic 7.7 77.5 88.1 flexure 

76 Maier S9 Monotonic 8.6 74.4 76.9 flexure 

77 Rothe T01 Dynamic 0.0 19.7 24.1 flexure 

78 Rothe T04 Dynamic 0.0 20.0 20.2 flexure 

79 Rothe T05 Dynamic 0.0 27.4 28.6 flexure 

80 Rothe T10 Cyclic 0.0 20.5 20.1 shear 

81 Rothe T11 Cyclic 7.1 26.9 29.0 flexure 

82 Saatcioglu Wall-1 Cyclic 0.0 129.4 119.7 shear 

83 Saatcioglu Wall-2 Cyclic 0.0 223.6 154.0 shear 

84 Saatcioglu Wall-4 Cyclic 0.0 148.0 90.1 shear 

85 Saatcioglu Wall-5 Cyclic 0.0 190.7 122.4 shear 

86 Saatcioglu Wall-7 Cyclic 0.0 102.8 84.3 shear 

87 Saatcioglu Wall-8 Cyclic 0.0 59.0 50.5 shear 

88 Salonikios MSW1 Cyclic 0.0 42.7 44.5 flexure 

89 Salonikios MSW3 Cyclic 7.0 40.0 39.0 shear 

90 Salonikios MSW6 Cyclic 0.0 43.0 42.1 shear 

91 Salonikios LSW1 Cyclic 0.0 60.7 58.5 shear 

92 Salonikios LSW2 Cyclic 0.0 43.5 41.6 shear 

93 Salonikios LSW3 Cyclic 7.0 58.2 56.5 shear 

94 Sheu SWN-1B Monotonic 12.0 70.0 76.6 flexure 

95 Sheu SWN-5B Monotonic 12.0 51.1 56.7 flexure 

96 Sheu SWN-1D Cyclic 12.0 74.3 67.2 shear 



 

A-20

Table A-4 Loading and performance information for the walls with rectangular cross-
sections (cont’d) 

No. Researcher Specimen 
ID 

Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

97 Sheu SWN-5D Cyclic 12.0 55.5 55.1 shear 

98 Sheu SW-0E Cyclic 0.0 56.7 70.8 flexure 

99 Sheu SW-1E Cyclic 0.0 59.7 72.8 flexure 

100 Sheu SW-9E Cyclic 0.0 62.1 75.6 flexure 

101 Sheu SW-1 Monotonic 0.0 38.4 47.2 flexure 

102 Sheu SW-1A Repeated 0.0 38.9 42.5 flexure 

103 Sheu SW-2 Cyclic 0.0 38.4 40.2 flexure 

104 Sheu SW-3 Cyclic 0.0 38.6 42.5 flexure 

105 Sheu SW-4 Monotonic 0.0 60.0 62.7 flexure 

106 Sheu SW-4A Repeated 0.0 60.2 61.1 flexure 

107 Sheu SW-5 Cyclic 0.0 60.7 54.4 shear 

108 Sheu SW-6 Cyclic 0.0 60.9 62.0 flexure 

109 Sheu SW9 Monotonic 0.0 66.3 55.8 shear 

110 Sheu SW10 Monotonic 0.0 57.6 60.7 flexure 

111 Sheu SW11 Cyclic 0.0 66.3 49.8 shear 

112 Sheu SW12 Monotonic 0.0 59.7 55.8 shear 

113 Sheu SW13 Monotonic 0.0 59.2 54.7 shear 

114 Sheu SW14 Monotonic 0.0 59.3 70.4 flexure 

115 Sheu SW15 Monotonic 0.0 47.9 50.0 flexure 

116 Sheu SW16 Monotonic 0.0 41.7 49.6 flexure 

117 Sheu SW17 Cyclic 0.0 47.9 40.5 shear 

118 Sheu SW18 Monotonic 0.0 43.1 49.3 flexure 

119 Sheu SW19 Monotonic 0.0 40.7 35.2 shear 

120 Sheu SW20 Monotonic 0.0 39.3 47.5 flexure 

121 Synge Wall-1 Cyclic 0.0 174.7 173.8 shear 

122 Xie W-1A Cyclic 9.4 273.5 283.4 flexure 

123 Yoshizaki 165 Cyclic 0.0 23.5 22.1 shear 

124 Yoshizaki 166 Cyclic 0.0 32.1 31.9 shear 

125 Yoshizaki 167 Cyclic 0.0 36.2 29.3 shear 

126 Yoshizaki 168 Cyclic 0.0 42.1 36.2 shear 

127 Yoshizaki 169 Cyclic 0.0 45.8 38.8 shear 

128 Yoshizaki 170 Cyclic 0.0 39.2 34.1 shear 
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Table A-4 Loading and performance information for the walls with rectangular cross-
sections (cont’d) 

No. Researcher Specimen 
ID 

Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

129 Yoshizaki 171 Cyclic 0.0 58.2 47.3 shear 

130 Yoshizaki 172 Cyclic 0.0 60.5 46.0 shear 

131 Yoshizaki 173 Cyclic 0.0 73.5 54.6 shear 

132 Yoshizaki 174 Cyclic 0.0 83.8 57.0 shear 

133 Yoshizaki 175 Cyclic 0.0 54.2 40.0 shear 

134 Yoshizaki 176 Cyclic 0.0 91.9 72.3 shear 

135 Yoshizaki 177 Cyclic 0.0 88.8 62.8 shear 

136 Yoshizaki 178 Cyclic 0.0 111.3 87.8 shear 

137 Yoshizaki 179 Cyclic 0.0 131.5 89.7 shear 

138 Wallace wp111-9 Cyclic 10.0 221.3 169.5 shear 

139 Wallace wp111-10 Cyclic 10.0 235.5 184.5 shear 

140 Wallace wp1105-8 Cyclic 5.0 178.9 146.0 shear 

141 Wallace wp1105-7 Cyclic 5.0 179.0 153.5 shear 

142 Wallace wp110-5 Cyclic 0.0 122.6 91.0 shear 

143 Wallace wp110-6 Cyclic 0.0 123.2 73.0 shear 

 
 

 

 

 

 

 

 

 

 



 

A-22

Table A-5 Geometric properties of the walls with barbell and flanged cross-sections 

No. Researcher Specimen ID wt  
(in) 

wh  
(in) 

wl   
(in) 

/w wh l / wM Vl  /w wl t beh  
(in) 

1 Antebi 4 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

2 Antebi 5 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

3 Antebi 6 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

4 Antebi 7 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

5 Antebi 8 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

6 Antebi 9 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

7 Antebi 10 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

8 Antebi 11 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

9 Antebi 12 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

10 Antebi 13 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

11 Antebi 14 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

12 Antebi 15 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

13 Antebi 16 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

14 Antebi 17 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

15 Antebi 18 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

16 Antebi 19 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

17 Antebi 20 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

18 Antebi 25 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

19 Antebi 31 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

20 Antebi 32 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

21 Antebi 33 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

22 Antebi 34 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

23 Antebi 35 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

24 Antebi 36 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

25 Antebi 37 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

26 Antebi 38 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

27 Antebi 40 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

28 Antebi 41 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

29 Antebi 43 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

30 Antebi 44 2.00 36.6 71.0 0.52 0.64 7.50 5.00 

31 Antebi 45 3.00 36.6 71.0 0.52 0.64 7.50 5.00 

32 Antebi 46 3.00 36.6 71.0 0.52 0.64 7.50 5.00 

33 Antebi 47 3.00 36.6 71.0 0.52 0.64 7.50 5.00 
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Table A-5 Geometric properties of the walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher Specimen ID wt  
(in) 

wh  
(in) 

wl   
(in) 

/w wh l / wM Vl  /w wl t beh  
(in) 

34 Antebi 48 3.00 36.6 71.0 0.52 0.64 7.50 5.00 

35 Antebi 49 3.00 36.6 71.0 0.52 0.64 7.50 5.00 

36 Antebi 50 3.00 36.6 71.0 0.52 0.64 7.50 5.00 

37 Antebi 51 3.00 36.6 71.0 0.52 0.64 7.50 5.00 

38 Antebi 52 3.00 36.6 71.0 0.52 0.64 7.50 5.00 

39 Antebi 53 3.00 36.6 71.0 0.52 0.64 7.50 5.00 

40 Antebi 54 3.00 36.6 71.0 0.52 0.64 7.50 5.00 

41 Antebi 55 2.00 36.6 131.0 0.28 0.34 7.50 5.00 

42 Antebi 56 2.00 36.6 131.0 0.28 0.34 7.50 5.00 

43 Antebi 57 2.00 36.6 131.0 0.28 0.34 7.50 5.00 

44 Antebi 58 2.00 36.6 131.0 0.28 0.34 7.50 5.00 

45 Antebi 59 2.00 36.6 131.0 0.28 0.34 7.50 5.00 

46 Antebi 60 2.00 36.6 131.0 0.28 0.34 7.50 5.00 

47 Aoyagi 148 3.15 47.2 107.1 0.44 0.50 12.60 12.60 

48 Aoyagi 149 3.15 47.2 107.1 0.44 0.50 12.60 12.60 

49 Aoyagi 150 6.30 47.2 107.1 0.44 0.50 12.60 12.60 

50 Aoyagi 151 3.15 47.2 107.1 0.44 0.50 12.60 12.60 

51 Aoyagi 152 6.30 47.2 107.1 0.44 0.50 12.60 12.60 

52 Barda B1-1 4.00 34.5 75.0 0.46 0.50 24.00 4.00 

53 Barda B2-1 4.00 34.5 75.0 0.46 0.50 24.00 4.00 

54 Barda B3-2 4.00 34.5 75.0 0.46 0.50 24.00 4.00 

55 Barda B4-3 4.00 34.5 75.0 0.46 0.50 24.00 4.00 

56 Barda B5-4 4.00 34.5 75.0 0.46 0.50 24.00 4.00 

57 Barda B6-4 4.00 34.5 75.0 0.46 0.50 24.00 4.00 

58 Barda B7-5 4.00 15.8 75.0 0.21 0.25 24.00 4.00 

59 Barda B8-5 4.00 72.0 75.0 0.96 1.00 24.00 4.00 

60 Benjamin 4BI-1 2.00 20.0 24.0 0.83 0.92 5.00 4.00 

61 Benjamin 4BI-2 2.00 20.0 36.0 0.56 0.61 5.00 4.00 

62 Benjamin 4BI-3 2.00 20.0 48.0 0.42 0.46 5.00 4.00 

63 Benjamin 4BI-4 2.00 20.0 70.0 0.29 0.31 5.00 4.00 

64 Benjamin 4BII-1 2.00 20.0 24.0 0.83 0.92 5.00 4.00 

65 Benjamin 4BII-2 2.00 20.0 36.0 0.56 0.61 5.00 4.00 
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Table A-5 Geometric properties of the walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher Specimen ID wt  
(in) 

wh  
(in) 

wl   
(in) 

/w wh l / wM Vl  /w wl t beh  
(in) 

66 Benjamin 4BII-3 2.00 20.0 48.0 0.42 0.46 5.00 4.00 

67 Benjamin 4BII-4 2.00 20.0 70.0 0.29 0.31 5.00 4.00 

68 Benjamin 3BI-1 2.00 33.5 68.0 0.49 0.53 3.75 5.00 

69 Benjamin 1BII-2 2.00 33.5 68.0 0.49 0.53 7.50 5.00 

70 Benjamin 1BII-2a 2.00 33.5 68.0 0.49 0.53 7.50 5.00 

71 Benjamin 1BII-2b 2.00 33.5 68.0 0.49 0.53 7.50 5.00 

72 Benjamin 3BI-3 2.00 33.5 68.0 0.49 0.53 12.00 5.00 

73 Benjamin 1bI-2 2.00 33.5 68.0 0.49 0.53 7.50 5.00 

74 Benjamin 1bI-2a 2.00 33.5 68.0 0.49 0.53 7.50 5.00 

75 Benjamin 1bI-3 3.00 50.3 102.0 0.49 0.53 11.25 7.50 

76 Benjamin 1bII-3 3.00 50.3 102.0 0.49 0.53 11.25 7.50 

77 Benjamin R-1 2.00 33.5 68.0 0.49 0.53 7.50 5.00 

78 Benjamin M-1 2.00 34.0 62.0 0.55 0.56 7.50 4.75 

79 Benjamin M-2 2.00 70.0 62.0 1.13 0.76 7.50 4.75 

80 Benjamin M-3 2.00 70.0 62.0 1.13 0.76 7.50 4.75 

81 Benjamin M-4 2.00 34.0 62.0 0.55 0.56 7.50 4.75 

82 Benjamin SD-1A 2.00 25.0 48.0 0.52 0.57 4.00 4.00 

83 Benjamin SD-1B 2.00 25.0 48.0 0.52 0.57 4.00 4.00 

84 Benjamin SD-1C 2.00 25.0 48.0 0.52 0.57 4.00 4.00 

85 Kabeyasawa K1 3.15 59.1 78.7 0.75 0.75 7.87 7.87 

86 Kabeyasawa K2 3.15 59.1 78.7 0.75 1.00 7.87 7.87 

87 Kabeyasawa K3 3.15 59.1 78.7 0.75 1.00 7.87 7.87 

88 Kabeyasawa K4 3.15 59.1 78.7 0.75 1.00 7.87 7.87 

89 Kabeyasawa K7 4.72 59.1 78.7 0.75 0.50 7.87 7.87 

90 Maier S1 3.94 47.2 46.5 1.02 1.12 15.75 3.94 

91 Maier S2 3.94 47.2 46.5 1.02 1.12 15.75 3.94 

92 Maier S3 3.94 47.2 46.5 1.02 1.12 15.75 3.94 

93 Maier S5 3.94 47.2 46.5 1.02 1.12 15.75 3.94 

94 Maier S6 3.94 47.2 46.5 1.02 1.12 15.75 3.94 

95 Maier S7 3.94 47.2 46.5 1.02 1.12 15.75 3.94 

96 Rothe T02 1.97 43.3 31.5 1.38 1.50 3.94 5.91 

97 Rothe T03 1.97 43.3 31.5 1.38 1.50 3.94 5.91 
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Table A-5 Geometric properties of the walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher Specimen ID wt  
(in) 

wh  
(in) 

wl   
(in) 

/w wh l / wM Vl  /w wl t beh  
(in) 

98 Rothe T06 1.97 43.3 31.5 1.38 1.50 3.94 5.91 

99 Rothe T07 1.97 43.3 31.5 1.38 1.50 3.94 5.91 

100 Rothe T08 1.97 43.3 31.5 1.38 1.50 3.94 5.91 

101 Rothe T09 1.97 43.3 31.5 1.38 1.50 3.94 5.91 

102 Ryo 29 3.07 47.2 90.6 0.52 0.58 9.84 9.84 

103 Ryo 30 2.95 47.2 90.6 0.52 0.58 9.84 9.84 

104 Ryo 31 3.15 47.2 61.0 0.77 0.85 9.84 9.84 

105 SAFE T03 6.30 47.2 118.1 0.40 0.20 31.50 6.30 

106 SAFE T04 6.30 47.2 118.1 0.40 0.20 31.50 6.30 

107 SAFE T05 7.87 47.2 118.1 0.40 0.20 31.50 6.30 

108 SAFE T06 7.87 47.2 118.1 0.40 0.20 31.50 6.30 

109 SAFE T07 7.87 47.2 118.1 0.40 0.20 31.50 6.30 

110 SAFE T08 7.87 47.2 118.1 0.40 0.20 31.50 6.30 

111 SAFE T09 7.87 47.2 118.1 0.40 0.20 31.50 6.30 

112 SAFE T10 7.87 47.2 118.1 0.40 0.20 31.50 6.30 

113 SAFE T11 7.87 47.2 118.1 0.40 0.20 31.50 6.30 

114 SAFE T12 7.87 47.2 118.1 0.40 0.20 31.50 6.30 

115 Shiga WB-1 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

116 Shiga WB-2 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

117 Shiga WB-3 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

118 Shiga WB-4 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

119 Shiga WB-5 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

120 Shiga WB-6 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

121 Shiga WB-7 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

122 Shiga WB-8 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

123 Shiga WB-9 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

124 Shiga WB-10 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

125 Shiga WB-11 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

126 Shiga WB-12 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

127 Shiga WB-13 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

128 Shiga WB-14 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

129 Shiga WB-15 1.97 23.6 44.1 0.54 0.63 5.91 4.72 
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Table A-5 Geometric properties of the walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher Specimen ID wt  
(in) 

wh  
(in) 

wl   
(in) 

/w wh l / wM Vl  /w wl t beh  
(in) 

130 Shiga WB-16 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

131 Shiga WB-17 1.97 23.6 44.1 0.54 0.63 5.91 4.72 

132 Sugano 70 2.91 47.2 90.6 0.52 0.58 9.84 9.84 

133 Sugano 71 3.27 47.2 90.6 0.52 0.58 9.84 9.84 

134 Sugano 140 4.72 56.7 155.9 0.36 0.18 14.17 14.17 

135 Sugano 141 4.72 56.7 155.9 0.36 0.06 14.17 14.17 

136 Sugano 142 4.72 56.7 155.9 0.36 0.18 14.17 14.17 

137 Sugano 143 4.72 56.7 155.9 0.36 0.18 14.17 14.17 

138 Sugano 144 4.72 56.7 155.9 0.36 0.18 14.17 14.17 

139 Sugano 145 4.72 56.7 155.9 0.36 0.18 14.17 14.17 

140 Sugano 146 4.72 56.7 155.9 0.36 0.18 14.17 14.17 

141 Sugano 147 4.72 56.7 155.9 0.36 0.18 14.17 14.17 

142 Synge Wall-3 3.94 59.1 118.1 0.50 0.57 19.69 3.94 

143 Tsuboi 130 2.64 32.0 20.0 1.60 1.77 4.21 4.72 

144 Tsuboi 131 2.64 32.0 20.0 1.60 1.77 4.21 4.72 

145 Tsuboi 132 2.64 32.0 20.0 1.60 1.77 4.21 4.72 

146 Tsuboi 133 2.64 32.0 20.0 1.60 1.77 4.21 4.72 

147 Tsuboi 134 2.64 32.0 20.0 1.60 0.80 4.21 4.72 

148 Tsuboi 135 2.64 32.0 20.0 1.60 0.80 4.21 4.72 

149 Mo HN4-1 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

150 Mo HN4-2 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

151 Mo HN4-3 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

152 Mo HN6-1 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

153 Mo HN6-2 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

154 Mo HN6-3 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

155 Mo HM4-1 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

156 Mo HM4-2 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

157 Mo HM4-3 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

158 Mo LN4-1 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

159 Mo LN4-2 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

160 Mo LN4-3 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

161 Mo LN6-1 2.76 19.7 33.9 0.58 0.76 6.69 3.15 
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Table A-5 Geometric properties of the walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher Specimen ID wt  
(in) 

wh  
(in) 

wl   
(in) 

/w wh l / wM Vl  /w wl t beh  
(in) 

162 Mo LN6-2 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

163 Mo LN6-3 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

164 Mo LM6-1 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

165 Mo LM6-2 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

166 Mo LM6-3 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

167 Mo LM4-2 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

168 Mo LM4-3 2.76 19.7 33.9 0.58 0.76 6.69 3.15 

169 Bouchon No.3 3.94 29.5 59.1 0.50 0.25 7.09 3.94 

170 Endo 1 3.15 68.9 88.6 0.78 0.61 9.84 9.84 

171 Endo 2 3.15 68.9 88.6 0.78 0.61 9.84 9.84 

172 Endo 3 3.15 68.9 88.6 0.78 0.83 9.84 9.84 

173 Endo 4 1.97 68.9 88.6 0.78 0.61 9.84 9.84 

174 Endo 5 1.97 29.5 88.6 0.33 0.39 9.84 9.84 

175 NUPEC U-1 2.95 79.5 122.0 0.65 0.77 117.32 3.94 

176 NUPEC U-2 2.95 79.5 122.0 0.65 0.77 117.32 3.94 

177 Vecchio DP1 2.95 79.5 121.1 0.66 0.76 119.88 3.74 

178 Vecchio DP2 2.95 79.5 121.5 0.65 0.76 119.88 3.94 

179 XiangDong FSW-4 3.00 36.0 48.0 0.75 0.75 6.00 6.00 

180 XiangDong FSW-5 3.00 36.0 48.0 0.75 0.75 6.00 6.00 

181 XiangDong FSW-6 3.00 36.0 48.0 0.75 0.75 6.00 6.00 

182 XiangDong FSW-7 3.00 36.0 48.0 0.75 0.75 6.00 6.00 

183 XiangDong FSW-8 3.00 36.0 48.0 0.75 0.75 6.00 6.00 

184 XiangDong FSW-9 3.00 36.0 48.0 0.75 0.75 6.00 6.00 

185 XiangDong FSW-10 3.00 36.0 48.0 0.75 0.75 6.00 6.00 

186 XiangDong FSW-12 3.00 36.0 48.0 0.75 0.75 6.00 6.00 

187 XiangDong FSW-13 3.00 36.0 48.0 0.75 0.75 6.00 6.00 

188 Sheu SWB-1A 2.76 19.7 39.4 0.50 0.65 6.69 5.91 

189 Sheu SWB-2A 2.76 19.7 39.4 0.50 0.65 6.69 5.91 

190 Sheu SWB-3A 2.76 19.7 39.4 0.50 0.65 6.69 5.91 

191 Sheu SWB-4A 2.76 19.7 39.4 0.50 0.65 6.69 5.91 

192 Sheu SWB-5A 2.76 19.7 39.4 0.50 0.65 6.69 5.91 

193 Sheu SWB-1B 2.76 29.5 39.4 0.75 0.90 6.69 5.91 
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Table A-5 Geometric properties of the walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher Specimen ID wt  
(in) 

wh  
(in) 

wl   
(in) 

/w wh l / wM Vl  /w wl t beh  
(in) 

194 Sheu SWB-2B 2.76 29.5 39.4 0.75 0.90 6.69 5.91 

195 Sheu SWB-3B 2.76 29.5 39.4 0.75 0.90 6.69 5.91 

196 Sheu SWB-4B 2.76 29.5 39.4 0.75 0.90 6.69 5.91 

197 Sheu SWB-5B 2.76 29.5 39.4 0.75 0.90 6.69 5.91 

198 Sheu SWB-6A 2.76 19.7 39.4 0.50 0.65 6.69 5.91 

199 Sheu SWB-8A 2.76 19.7 39.4 0.50 0.65 6.69 5.91 

200 Sheu SWB-17A 2.76 19.7 39.4 0.50 0.65 6.69 5.91 

201 Sheu SWB-1C 2.76 49.2 39.4 1.25 1.90 6.69 5.91 

202 Sheu SWB-2C 2.76 49.2 39.4 1.25 1.90 6.69 5.91 

203 Sheu SWB-3C 2.76 49.2 39.4 1.25 1.90 6.69 5.91 

204 Sheu SWB-1D 2.76 49.2 39.4 1.25 1.90 6.69 5.91 

205 Saito W12-1 4.72 29.5 83.5 0.35 0.47 19.69 4.72 

206 Saito W12-2 4.72 29.5 83.5 0.35 0.47 19.69 4.72 

207 Saito W12-3 4.72 29.5 83.5 0.35 0.47 19.69 4.72 

208 Saito W12-4 4.72 29.5 83.5 0.35 0.47 19.69 4.72 

209 Saito W12-5 4.72 29.5 83.5 0.35 0.47 19.69 4.72 

210 Saito W12-6 4.72 68.9 83.5 0.83 0.94 19.69 4.72 

211 Saito W12-7 4.72 68.9 83.5 0.83 0.94 19.69 4.72 

212 Saito W15-1 5.91 29.5 83.5 0.35 0.47 19.69 4.72 

213 Saito W15-2 5.91 68.9 83.5 0.83 0.94 19.69 4.72 

214 Seki RA-00P 2.95 55.9 121.1 0.46 0.59 59.06 2.95 

215 Seki RA-15P 2.95 55.9 121.1 0.46 0.59 59.06 2.95 

216 Seki RB-00P 2.95 79.5 121.1 0.66 0.78 59.06 2.95 

217 Seki RB-15P 2.95 79.5 121.1 0.66 0.78 59.06 2.95 

218 Seki RC-00P 2.95 103.1 121.1 0.85 0.98 59.06 2.95 

219 Seki RC-15P 2.95 103.1 121.1 0.85 0.98 59.06 2.95 

220 Sato 18M 12-40 5.91 86.6 84.6 1.02 1.12 39.37 5.91 

221 Sato 24M 8-30 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

222 Sato 24M 8-40 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

223 Sato 24M 8-50 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

224 Sato 24M 6-30 5.91 39.4 84.6 0.47 0.56 39.37 5.91 

225 Sato 24M 6-40 5.91 39.4 84.6 0.47 0.56 39.37 5.91 
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Table A-5 Geometric properties of the walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher Specimen ID wt  
(in) 

wh  
(in) 

wl   
(in) 

/w wh l / wM Vl  /w wl t beh  
(in) 

226 Sato 36M 12-30 5.91 86.6 84.6 1.02 1.12 39.37 5.91 

227 Sato 36M 12-40 5.91 86.6 84.6 1.02 1.12 39.37 5.91 

228 Sato 36M 12-50 5.91 86.6 84.6 1.02 1.12 39.37 5.91 

229 Sato 36L 8-30 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

230 Sato 36L 8-40 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

231 Sato 36M 8-30 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

232 Sato 36M 8-40 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

233 Sato 36M 8-50 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

234 Sato 36M 6-30 5.91 39.4 84.6 0.47 0.56 39.37 5.91 

235 Sato 36M 6-40 5.91 39.4 84.6 0.47 0.56 39.37 5.91 

236 Sato 48M 8-30 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

237 Sato 48M 8-40 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

238 Sato 48M 8-50 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

239 Sato 48H 8-30 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

240 Sato 48H 8-40 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

241 Sato 48H 8-50 5.91 55.1 84.6 0.65 0.74 39.37 5.91 

242 Chiba CW-0.6-1.2-20 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

243 Chiba CW-0.6-0.6-20 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

244 Chiba CW-0.6-0.8-20 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

245 Chiba CW-0.6-1.6-20 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

246 Chiba CW-0.6-2.0-20 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

247 Chiba CW-0.6-1.2-40 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

248 Chiba CW-0.4-1.2-20 3.15 25.6 90.6 0.28 0.35 11.81 11.81 

249 Chiba CW-0.8-1.2-20 3.15 57.1 90.6 0.63 0.70 11.81 11.81 

250 Yagishita CW-0.6-0.6-20a 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

251 Yagishita CW-0.6-0.8-20a 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

252 Yagishita CW-0.6-1.2-0 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

253 Fukuzawa CW-0.6-0-20 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

254 Fukuzawa CW-0.6-0.3-20 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

255 Fukuzawa CW-0.6-2.4-20 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

256 Fukuzawa CW-0.6-2.8-20 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

257 Fukuzawa CW-0.6-0-0 3.15 41.3 90.6 0.46 0.52 11.81 11.81 
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Table A-5 Geometric properties of the walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher Specimen ID wt  
(in) 

wh  
(in) 

wl   
(in) 

/w wh l / wM Vl  /w wl t beh  
(in) 

258 Fukuzawa CW-0.6-0-40 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

259 Fukuzawa CW-0.6-0.6-0 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

260 Fukuzawa CW-0.6-0.6-40 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

261 Fukuzawa CW-0.4-0.6-20 3.15 25.6 90.6 0.28 0.35 11.81 11.81 

262 Fukuzawa CW-0.8-0.6-20 3.15 57.1 90.6 0.63 0.70 11.81 11.81 

263 Fukuzawa CW-0.4-2.0-20 3.15 25.6 90.6 0.28 0.35 11.81 11.81 

264 Fukuzawa CW-0.8-2.0-20 3.15 57.1 90.6 0.63 0.70 11.81 11.81 

265 Hatori CW-0.6-2-0 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

266 Hatori CW-0.6-2-40 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

267 Hatori CW-0.6-2-20B 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

268 Hatori CW-0.6-0.6-20L 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

269 Hatori CW-0.6-1.2-20L 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

270 Hatori CW-0.6-2-20L 3.15 41.3 90.6 0.46 0.52 11.81 11.81 

271 Taga No1 3.15 41.3 85.8 0.48 0.55 7.09 7.09 

272 Taga No2 3.15 41.3 85.8 0.48 0.55 7.09 7.09 

273 Taga No3 3.15 41.3 85.8 0.48 0.55 7.09 7.09 

274 Taga No4 3.15 41.3 85.8 0.48 0.55 7.09 7.09 

275 Taga No5 3.15 41.3 85.8 0.48 0.55 7.09 7.09 

276 Taga No6 3.15 41.3 85.8 0.48 0.55 7.09 7.09 

277 Taga No7 3.15 41.3 85.8 0.48 0.55 7.09 7.09 

278 Farvashany HSCW1 2.95 43.3 34.6 1.25 1.36 11.7 3.54 

279 Farvashany HSCW2 2.95 43.3 34.6 1.25 1.36 11.7 3.54 

280 Farvashany HSCW3 2.95 43.3 34.6 1.25 1.36 11.7 3.54 

281 Farvashany HSCW4 2.95 43.3 34.6 1.25 1.36 11.7 3.54 

282 Farvashany HSCW5 2.95 43.3 34.6 1.25 1.36 11.7 3.54 

283 Farvashany HSCW6 2.95 43.3 34.6 1.25 1.36 11.7 3.54 

284 Farvashany HSCW7 2.95 43.3 34.6 1.25 1.36 11.7 3.54 

 
 

 



 

A-31

Table A-6 Reinforcement information for walls with barbell and flanged cross-sections 

No. Researcher beρ  
(%) 

vρ   
(%) 

vallρ  
(%) 

hρ   
(%) 

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs   
(in) 

1 Antebi 2.10 0.25 0.95 0.25 1 1 11.0 12.2 

2 Antebi 2.10 0.25 0.95 0.25 1 1 11.0 12.2 

3 Antebi 2.10 0.25 0.95 0.25 1 1 11.0 12.2 

4 Antebi 4.71 0.25 1.95 0.25 1 1 11.0 12.2 

5 Antebi 4.71 0.25 1.95 0.25 1 1 11.0 12.2 

6 Antebi 4.71 0.25 1.95 0.25 1 1 11.0 12.2 

7 Antebi 4.71 0.25 1.95 0.25 1 1 11.0 12.2 

8 Antebi 2.10 0.25 0.95 0.25 1 1 11.0 12.2 

9 Antebi 2.10 0.25 0.95 0.25 1 1 11.0 12.2 

10 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

11 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

12 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

13 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

14 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

15 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

16 Antebi 2.10 1.00 1.42 1.00 1 1 6.0 6.1 

17 Antebi 2.10 1.00 1.42 1.00 1 1 6.0 6.1 

18 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

19 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

20 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

21 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

22 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

23 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

24 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

25 Antebi 2.10 0.50 1.11 0.50 1 1 11.0 12.2 

26 Antebi 4.71 0.50 2.10 0.50 1 1 11.0 12.2 

27 Antebi 4.71 0.50 2.10 0.50 1 1 11.0 12.2 

28 Antebi 4.71 0.50 2.10 0.50 1 1 11.0 12.2 

29 Antebi 4.71 0.50 2.10 0.50 1 1 11.0 12.2 

30 Antebi 4.71 0.50 2.10 0.50 1 1 11.0 12.2 

31 Antebi 2.10 0.25 0.79 0.25 1 1 11.0 15.3 

32 Antebi 2.10 0.25 0.79 0.25 1 1 11.0 15.3 

33 Antebi 2.10 0.25 0.79 0.25 1 1 11.0 15.3 
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Table A-6 Reinforcement information for walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher beρ  
(%) 

vρ   
(%) 

vallρ  
(%) 

hρ   
(%) 

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs   
(in) 

34 Antebi 2.10 0.25 0.79 0.25 1 1 11.0 15.3 

35 Antebi 2.10 0.25 0.79 0.25 1 1 11.0 15.3 

36 Antebi 2.10 0.50 0.96 0.50 1 1 7.2 7.6 

37 Antebi 2.10 0.50 0.96 0.50 1 1 7.2 7.6 

38 Antebi 2.10 0.50 0.96 0.50 1 1 7.2 7.6 

39 Antebi 2.10 0.50 0.96 0.50 1 1 7.2 7.6 

40 Antebi 2.10 0.50 0.96 0.50 1 1 7.2 7.6 

41 Antebi 2.10 0.50 0.88 0.50 1 1 11.0 10.9 

42 Antebi 2.10 0.50 0.88 0.50 1 1 11.0 10.9 

43 Antebi 2.10 0.50 0.88 0.50 1 1 11.0 10.9 

44 Antebi 2.10 0.50 0.88 0.50 1 1 11.0 10.9 

45 Antebi 2.10 0.50 0.88 0.50 1 1 11.0 10.9 

46 Antebi 2.10 0.50 0.88 0.50 1 1 11.0 10.9 

47 Aoyagi 1.74 0.71 1.28 0.76 2 2 4.9 4.9 

48 Aoyagi 1.74 0.71 1.28 0.76 2 2 4.9 4.9 

49 Aoyagi 1.74 0.58 1.02 0.62 2 2 2.5 2.5 

50 Aoyagi 6.48 0.71 3.89 0.76 2 2 4.9 4.9 

51 Aoyagi 6.48 0.58 2.83 0.62 2 2 2.5 2.5 

52 Barda 1.84 0.50 1.06 0.48 2 2 4.3 11.2 

53 Barda 6.39 0.50 2.96 0.48 2 2 4.3 11.2 

54 Barda 4.09 0.50 2.00 0.48 2 2 4.3 11.2 

55 Barda 4.09 0.50 2.00 0.00 none 2 none 11.2 

56 Barda 4.09 0.00 1.71 0.48 2 none 4.3 none 

57 Barda 4.09 0.26 1.86 0.48 2 2 4.3 8.4 

58 Barda 4.09 0.50 2.00 0.49 2 2 5.3 11.2 

59 Barda 4.09 0.50 2.00 0.50 2 2 4.5 11.2 

60 Benjamin 2.21 0.00 1.23 0.00 none none none none 

61 Benjamin 2.21 0.00 0.92 0.00 none none none none 

62 Benjamin 2.21 0.00 0.74 0.00 none none none none 

63 Benjamin 2.21 0.00 0.54 0.00 none none none none 

64 Benjamin 2.21 0.50 1.45 0.50 1 1 1.0 1.0 

65 Benjamin 2.21 0.50 1.21 0.50 1 1 1.0 1.0 
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Table A-6 Reinforcement information for walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher beρ  
(%) 

vρ   
(%) 

vallρ  
(%) 

hρ   
(%) 

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs   
(in) 

66 Benjamin 2.21 0.50 1.07 0.50 1 1 1.0 1.0 

67 Benjamin 2.21 0.50 0.92 0.50 1 1 1.0 1.0 

68 Benjamin 4.19 0.50 1.40 0.50 1 1 1.0 1.0 

69 Benjamin 2.10 0.25 0.97 0.25 1 1 2.0 2.0 

70 Benjamin 2.10 0.50 1.13 0.50 1 1 1.0 1.0 

71 Benjamin 2.10 0.50 1.13 0.50 1 1 1.0 1.0 

72 Benjamin 1.31 0.50 0.91 0.50 1 1 1.0 1.0 

73 Benjamin 2.10 0.00 0.82 0.00 none none none none 

74 Benjamin 2.10 0.00 0.82 0.00 none none none none 

75 Benjamin 2.10 0.00 0.82 0.00 none none none none 

76 Benjamin 2.10 0.50 1.13 0.50 NR NR NR NR 

77 Benjamin 2.10 0.25 0.97 0.25 1 1 9.8 9.8 

78 Benjamin 2.21 0.25 1.04 0.25 1 1 9.8 9.8 

79 Benjamin 2.21 0.25 1.04 0.25 1 1 9.8 9.8 

80 Benjamin 2.21 0.25 1.04 0.25 1 1 9.8 9.8 

81 Benjamin 2.21 0.25 1.04 0.25 1 1 9.8 9.8 

82 Benjamin 2.76 0.50 1.15 0.50 1 1 5.0 5.0 

83 Benjamin 2.76 0.50 1.15 0.50 1 1 5.0 5.0 

84 Benjamin 2.76 0.50 1.15 0.50 1 1 5.0 5.0 

85 Kabeyasawa 0.71 0.27 0.44 0.27 1 1 5.9 5.9 

86 Kabeyasawa 1.43 0.53 0.88 0.53 2 2 5.9 5.9 

87 Kabeyasawa 2.14 0.80 1.32 0.80 2 2 3.9 3.9 

88 Kabeyasawa 1.43 0.80 1.04 0.80 2 2 3.9 3.9 

89 Kabeyasawa 1.43 0.53 0.79 0.53 2 2 3.9 3.9 

90 Maier 1.13 1.13 1.13 1.01 2 2 3.9 3.9 

91 Maier 1.13 1.13 1.13 1.01 2 2 3.9 3.9 

92 Maier 2.55 2.54 2.54 1.01 2 2 3.9 3.9 

93 Maier 1.13 1.13 1.13 1.01 2 2 3.9 3.9 

94 Maier 1.13 1.13 1.13 0.57 2 2 3.9 3.9 

95 Maier 1.13 1.13 1.13 1.01 2 2 3.9 3.9 

96 Rothe 1.13 0.57 0.87 0.41 1 1 6.2 4.9 

97 Rothe 2.01 0.57 1.35 0.41 1 1 6.2 4.9 
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Table A-6 Reinforcement information for walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher beρ  
(%) 

vρ   
(%) 

vallρ  
(%) 

hρ   
(%) 

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs   
(in) 

98 Rothe 2.01 0.57 1.35 0.41 1 1 6.2 4.9 

99 Rothe 1.13 0.57 0.87 0.41 1 1 6.2 4.9 

100 Rothe 2.01 0.57 1.35 0.41 1 1 6.2 4.9 

101 Rothe 1.13 0.57 0.87 0.41 1 1 6.2 4.9 

102 Ryo 2.55 0.18 1.30 0.18 1 1 7.9 7.9 

103 Ryo 2.55 0.19 1.32 0.19 1 1 7.9 7.9 

104 Ryo 2.55 0.17 1.59 0.18 1 1 7.9 7.9 

105 SAFE 2.41 0.80 1.40 0.80 2 2 4.9 4.9 

106 SAFE 2.41 0.80 1.40 0.80 2 2 4.9 4.9 

107 SAFE 2.41 0.80 1.32 0.80 2 2 4.9 4.9 

108 SAFE 1.77 0.40 0.84 0.60 2 2 4.9 4.9 

109 SAFE 1.77 0.40 0.84 0.60 2 2 4.9 4.9 

110 SAFE 1.23 0.40 0.67 0.40 2 2 4.9 4.9 

111 SAFE 1.23 0.40 0.67 0.40 2 2 4.9 4.9 

112 SAFE 1.77 0.60 0.98 0.60 2 2 4.9 4.9 

113 SAFE 1.23 0.40 0.67 0.40 2 2 4.9 4.9 

114 SAFE 1.77 0.11 0.65 0.11 2 2 9.8 9.8 

115 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

116 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

117 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

118 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

119 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

120 Shiga 4.22 0.50 2.18 0.50 1 1 1.2 1.2 

121 Shiga 4.22 0.50 2.18 0.50 1 1 1.2 1.2 

122 Shiga 4.22 0.50 2.18 0.50 1 1 1.2 1.2 

123 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

124 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

125 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

126 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

127 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

128 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

129 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 
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Table A-6 Reinforcement information for walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher beρ  
(%) 

vρ   
(%) 

vallρ  
(%) 

hρ   
(%) 

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs   
(in) 

130 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

131 Shiga 4.22 0.25 2.04 0.25 1 1 2.4 2.4 

132 Sugano 2.54 0.18 1.33 0.18 1 1 7.9 7.9 

133 Sugano 2.54 0.07 1.20 0.07 1 1 7.9 7.9 

134 Sugano 1.77 0.66 1.11 0.66 2 2 5.9 5.9 

135 Sugano 1.77 0.66 1.11 0.66 2 2 5.9 5.9 

136 Sugano 1.77 0.66 1.11 0.66 2 2 5.9 5.9 

137 Sugano 1.77 0.33 0.91 0.33 1 1 5.9 5.9 

138 Sugano 1.77 0.33 0.91 0.33 2 2 5.9 5.9 

139 Sugano 1.77 0.69 1.12 0.66 2 2 5.9 5.9 

140 Sugano 1.77 0.69 1.12 0.66 2 2 5.9 5.9 

141 Sugano 1.77 0.77 1.17 0.74 2 2 5.9 5.9 

142 Synge 1.81 0.37 0.75 1.61 1 1 4.7 7.9 

143 Tsuboi 3.96 1.97 3.14 1.89 2 2 0.8 0.8 

144 Tsuboi 8.27 1.97 5.68 1.89 2 2 0.8 0.8 

145 Tsuboi 3.96 2.53 3.37 2.58 2 2 0.8 0.8 

146 Tsuboi 8.27 2.53 5.91 2.58 2 2 0.8 0.8 

147 Tsuboi 3.96 1.97 3.14 1.89 2 2 0.8 0.8 

148 Tsuboi 8.27 1.97 5.68 1.89 2 2 0.8 0.8 

149 Mo 2.10 0.73 1.22 0.82 1 1 4.3 4.6 

150 Mo 2.10 0.73 1.22 0.82 1 1 4.3 4.6 

151 Mo 2.10 0.73 1.22 0.82 1 1 4.3 4.6 

152 Mo 2.10 0.73 1.22 0.82 1 1 4.3 4.6 

153 Mo 2.10 0.73 1.22 0.82 1 1 4.3 4.6 

154 Mo 2.10 0.73 1.22 0.82 1 1 4.3 4.6 

155 Mo 2.10 0.73 1.22 0.82 1 1 4.3 4.6 

156 Mo 2.10 0.73 1.22 0.82 1 1 4.3 4.6 

157 Mo 2.10 0.73 1.22 0.82 1 1 4.3 4.6 

158 Mo 2.10 0.58 1.12 0.82 1 1 4.3 5.5 

159 Mo 2.10 0.58 1.12 0.82 1 1 4.3 5.5 

160 Mo 2.10 0.58 1.12 0.82 1 1 4.3 5.5 

161 Mo 2.10 0.58 1.12 0.82 1 1 4.3 5.5 



 

A-36

Table A-6 Reinforcement information for walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher beρ  
(%) 

vρ   
(%) 

vallρ  
(%) 

hρ   
(%) 

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs   
(in) 

162 Mo 2.10 0.58 1.12 0.82 1 1 4.3 5.5 

163 Mo 2.10 0.58 1.12 0.82 1 1 4.3 5.5 

164 Mo 2.10 0.58 1.12 0.82 1 1 4.3 5.5 

165 Mo 2.10 0.58 1.12 0.82 1 1 4.3 5.5 

166 Mo 2.10 0.58 1.12 0.82 1 1 4.3 5.5 

167 Mo 2.10 0.58 1.12 0.82 1 1 4.3 5.5 

168 Mo 2.10 0.58 1.12 0.82 1 1 4.3 5.5 

169 Bouchon 2.51 0.80 1.17 0.80 1 1 3.9 3.9 

170 Endo 0.81 0.49 0.64 0.47 1 1 2.0 2.0 

171 Endo 0.81 0.16 0.47 0.14 1 1 5.9 5.9 

172 Endo 0.81 0.16 0.47 0.14 1 1 5.9 5.9 

173 Endo 0.81 0.26 0.58 0.22 1 1 5.9 5.9 

174 Endo 0.81 0.79 0.80 0.76 1 1 2.0 2.0 

175 NUPEC 0.47 1.20 0.66 1.20 2 2 2.8 2.8 

176 NUPEC 0.47 1.20 0.66 1.20 2 2 2.8 2.8 

177 Vecchio 0.37 0.82 0.49 0.76 2 2 5.5 5.1 

178 Vecchio 0.35 0.82 0.48 0.76 2 2 5.5 5.1 

179 XiangDong 3.27 0.55 1.64 0.55 2 2 6.0 6.0 

180 XiangDong 3.27 0.55 1.64 0.55 2 2 6.0 6.0 

181 XiangDong 3.27 0.55 1.64 0.55 2 2 6.0 6.0 

182 XiangDong 3.27 1.09 1.96 1.09 2 2 3.0 3.0 

183 XiangDong 3.27 0.23 1.45 0.23 2 2 6.0 6.0 

184 XiangDong 3.27 1.09 1.96 1.09 2 2 3.0 3.0 

185 XiangDong 3.27 1.09 1.96 1.09 2 2 3.0 3.0 

186 XiangDong 3.27 0.23 1.45 0.23 2 2 6.0 6.0 

187 XiangDong 3.27 0.23 1.45 0.23 2 2 6.0 6.0 

188 Sheu 1.12 0.58 0.86 0.82 1 1 4.9 5.5 

189 Sheu 1.12 0.58 0.86 0.82 1 1 4.9 5.5 

190 Sheu 1.12 0.58 0.86 0.82 1 1 4.9 5.5 

191 Sheu 1.12 0.58 0.86 0.82 1 1 4.9 5.5 

192 Sheu 1.12 0.58 0.86 0.82 1 1 4.9 5.5 

193 Sheu 1.99 1.04 1.52 1.45 1 1 4.9 5.5 
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Table A-6 Reinforcement information for walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher beρ  
(%) 

vρ   
(%) 

vallρ  
(%) 

hρ   
(%) 

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs   
(in) 

194 Sheu 1.99 1.04 1.52 1.45 1 1 4.9 5.5 

195 Sheu 1.99 1.04 1.52 1.45 1 1 4.9 5.5 

196 Sheu 1.99 1.04 1.52 1.45 1 1 4.9 5.5 

197 Sheu 1.99 1.04 1.52 1.45 1 1 4.9 5.5 

198 Sheu 1.12 0.58 0.86 0.82 1 1 4.9 5.5 

199 Sheu 1.12 0.58 0.86 0.82 1 1 4.9 5.5 

200 Sheu 1.12 0.58 0.86 0.82 1 1 4.9 5.5 

201 Sheu 1.12 0.58 0.86 0.82 1 1 4.9 5.5 

202 Sheu 1.12 0.58 0.86 0.82 1 1 4.9 5.5 

203 Sheu 1.12 0.58 0.86 0.82 1 1 4.9 5.5 

204 Sheu 1.12 0.58 0.86 0.82 1 1 4.9 5.5 

205 Saito 4.75 1.32 2.51 1.32 2 2 3.5 3.5 

206 Saito 4.75 0.90 2.24 0.90 2 2 5.1 5.1 

207 Saito 4.75 1.69 2.75 1.69 2 2 2.8 2.8 

208 Saito 4.75 1.32 2.51 1.32 2 2 3.5 3.5 

209 Saito 4.75 1.32 2.51 1.32 2 2 3.5 3.5 

210 Saito 4.75 1.32 2.51 1.32 2 2 3.5 3.5 

211 Saito 4.75 1.32 2.51 1.32 2 2 3.5 3.5 

212 Saito 4.75 1.06 2.16 1.06 2 2 3.5 3.5 

213 Saito 4.75 1.06 2.16 1.06 2 2 3.5 3.5 

214 Seki 1.20 1.20 1.20 1.20 2 2 2.8 2.8 

215 Seki 1.20 1.20 1.20 1.20 2 2 2.8 2.8 

216 Seki 1.20 1.20 1.20 1.20 2 2 2.8 2.8 

217 Seki 1.20 1.20 1.20 1.20 2 2 2.8 2.8 

218 Seki 1.20 1.20 1.20 1.20 2 2 2.8 2.8 

219 Seki 1.20 1.20 1.20 1.20 2 2 2.8 2.8 

220 Sato 2.25 0.45 1.39 0.45 2 2 7.9 7.9 

221 Sato 0.80 0.80 0.80 0.80 2 2 4.6 4.6 

222 Sato 0.60 0.60 0.60 0.60 2 2 6.1 6.1 

223 Sato 0.48 0.48 0.48 0.48 2 2 7.9 7.9 

224 Sato 0.80 0.80 0.80 0.80 2 2 4.9 4.9 

225 Sato 0.60 0.60 0.60 0.60 2 2 6.6 6.6 
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Table A-6 Reinforcement information for walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher beρ  
(%) 

vρ   
(%) 

vallρ  
(%) 

hρ   
(%) 

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs   
(in) 

226 Sato 5.80 1.16 3.57 1.16 2 2 3.2 3.2 

227 Sato 4.50 0.90 2.77 0.90 2 2 4.1 4.1 

228 Sato 3.60 0.72 2.22 0.72 2 2 5.1 5.1 

229 Sato 1.16 1.16 1.16 1.16 2 2 3.2 3.2 

230 Sato 0.90 0.90 0.90 0.90 2 2 4.3 4.3 

231 Sato 1.16 1.16 1.16 1.16 2 2 3.2 3.2 

232 Sato 0.90 0.90 0.90 0.90 2 2 4.3 4.3 

233 Sato 0.72 0.72 0.72 0.72 2 2 5.0 5.0 

234 Sato 1.16 1.16 1.16 1.16 2 2 3.2 3.2 

235 Sato 0.90 0.90 0.90 0.90 2 2 4.4 4.4 

236 Sato 1.60 1.60 1.60 1.60 2 2 2.3 2.3 

237 Sato 1.16 1.16 1.16 1.16 2 2 3.2 3.2 

238 Sato 0.96 0.96 0.96 0.96 2 2 3.9 3.9 

239 Sato 1.60 1.60 1.60 1.60 2 2 2.3 2.3 

240 Sato 1.16 1.16 1.16 1.16 2 2 3.2 3.2 

241 Sato 0.96 0.96 0.96 0.96 2 2 3.9 3.9 

242 Chiba 1.04 1.20 1.11 1.20 2 2 2.6 2.6 

243 Chiba 1.04 0.60 0.85 0.60 2 2 5.2 5.2 

244 Chiba 1.04 0.80 0.94 0.80 2 2 3.9 3.9 

245 Chiba 1.44 1.60 1.51 1.60 2 2 2.0 2.0 

246 Chiba 1.76 2.00 1.86 2.00 2 2 1.6 1.6 

247 Chiba 1.04 1.20 1.11 1.20 2 2 2.6 2.6 

248 Chiba 1.04 1.20 1.11 1.20 2 2 2.6 2.6 

249 Chiba 1.04 1.20 1.11 1.20 2 2 2.6 2.6 

250 Yagishita 1.04 0.60 0.85 0.60 2 2 5.2 5.2 

251 Yagishita 1.04 0.80 0.94 0.80 2 2 3.9 3.9 

252 Yagishita 1.04 1.20 1.11 1.20 2 2 2.6 2.6 

253 Fukuzawa 1.04 0.00 0.59 0.00 none none none none 

254 Fukuzawa 1.04 0.30 0.72 0.30 2 2 10.5 10.5 

255 Fukuzawa 1.76 2.40 2.04 2.40 2 2 1.3 1.3 

256 Fukuzawa 1.76 2.80 2.21 2.80 2 2 1.1 1.1 

257 Fukuzawa 1.04 0.00 0.59 0.00 none none none none 
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Table A-6 Reinforcement information for walls with barbell and flanged cross-sections 
(cont’d) 

No. Researcher beρ  
(%) 

vρ   
(%) 

vallρ  
(%) 

hρ   
(%) 

NoC-
HR 

NoC-
VR 

hs  
(in) 

vs   
(in) 

258 Fukuzawa 1.04 0.00 0.59 0.00 none none none none 

259 Fukuzawa 1.04 0.60 0.85 0.60 2 2 5.2 5.2 

260 Fukuzawa 1.04 0.60 0.85 0.60 2 2 5.2 5.2 

261 Fukuzawa 1.04 0.60 0.85 0.60 2 2 5.2 5.2 

262 Fukuzawa 1.04 0.60 0.85 0.60 2 2 5.2 5.2 

263 Fukuzawa 1.76 2.00 1.86 2.00 2 2 1.6 1.6 

264 Fukuzawa 1.76 2.00 1.86 2.00 2 2 1.6 1.6 

265 Hatori 1.76 2.00 1.86 2.00 2 2 1.6 1.6 

266 Hatori 1.76 2.00 1.86 2.00 2 2 1.6 1.6 

267 Hatori 1.04 2.00 1.45 2.00 2 2 1.6 1.6 

268 Hatori 1.04 0.60 0.85 0.60 2 2 5.2 5.2 

269 Hatori 1.04 1.20 1.11 1.20 2 2 2.6 2.6 

270 Hatori 1.76 2.00 1.86 2.00 2 2 1.6 1.6 

271 Taga 2.89 1.20 1.72 1.20 2 2 2.6 2.6 

272 Taga 2.89 1.20 1.72 1.20 2 2 2.6 2.6 

273 Taga 2.89 1.20 1.72 1.20 2 2 2.6 2.6 

274 Taga 2.89 0.60 1.30 0.60 2 2 5.2 5.2 

275 Taga 2.89 2.00 2.27 2.00 2 2 1.6 1.6 

276 Taga 2.89 2.00 2.27 2.00 2 2 1.6 1.6 

277 Taga 2.89 2.00 2.27 2.00 2 2 1.6 1.6 

278 Farvashany 4.02 1.29 2.83 0.48 2 2 6.3 2.4 

279 Farvashany 4.02 1.29 2.83 0.48 2 2 6.3 2.4 

280 Farvashany 4.02 0.75 2.59 0.48 2 2 6.3 3.9 

281 Farvashany 4.02 0.75 2.59 0.48 2 2 6.3 3.9 

282 Farvashany 4.02 1.29 2.83 0.75 2 2 3.9 2.4 

283 Farvashany 4.02 1.29 2.83 0.75 2 2 3.9 2.4 

284 Farvashany 4.02 0.75 2.59 0.75 2 2 3.9 3.9 
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Table A-7 Material properties of the walls with barbell and flanged cross-sections 

No. Researcher cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

1 Antebi 2890 47.0 83.9 39.3 52.0 39.3 52.0 

2 Antebi 3180 47.0 83.9 39.3 52.0 39.3 52.0 

3 Antebi 3160 47.0 83.9 39.3 52.0 39.3 52.0 

4 Antebi 3780 44.3 67.8 39.3 52.0 39.3 52.0 

5 Antebi 3660 44.3 67.8 39.3 52.0 39.3 52.0 

6 Antebi 3480 44.3 67.8 39.3 52.0 39.3 52.0 

7 Antebi 3360 44.3 67.8 39.3 52.0 39.3 52.0 

8 Antebi 5126 47.0 83.9 39.3 52.0 39.3 52.0 

9 Antebi 4565 47.0 83.9 39.3 52.0 39.3 52.0 

10 Antebi 2669 43.0 69.6 57.0 90.5 57.0 90.5 

11 Antebi 3081 43.3 69.4 60.0 92.7 60.0 92.7 

12 Antebi 2904 43.3 69.5 60.0 92.3 60.0 92.3 

13 Antebi 2170 43.1 68.7 58.8 92.6 58.8 92.6 

14 Antebi 2288 43.4 71.2 58.1 92.7 58.1 92.7 

15 Antebi 3037 42.8 70.4 59.9 93.2 59.9 93.2 

16 Antebi 2939 43.4 71.8 48.3 73.6 48.3 73.6 

17 Antebi 2904 42.1 67.7 59.4 93.6 59.4 93.6 

18 Antebi 5973 40.0 69.5 48.0 74.5 48.0 74.5 

19 Antebi 3880 49.5 76.5 49.5 74.8 49.5 74.8 

20 Antebi 3880 50.0 76.4 50.0 76.4 50.0 76.4 

21 Antebi 3520 49.5 73.8 49.5 77.3 49.5 77.3 

22 Antebi 3380 49.5 74.9 49.5 76.4 49.5 76.4 

23 Antebi 3700 50.0 78.8 50.0 77.3 50.0 77.3 

24 Antebi 3570 49.5 73.5 49.5 78.2 49.5 78.2 

25 Antebi 4100 50.0 79.3 50.0 78.9 50.0 78.9 

26 Antebi 3510 45.9 74.1 48.4 72.1 48.4 72.1 

27 Antebi 4925 45.9 74.1 46.9 72.1 46.9 72.1 

28 Antebi 3310 49.0 74.1 46.9 72.1 46.9 72.1 

29 Antebi 5000 45.9 74.1 46.9 72.1 46.9 72.1 

30 Antebi 4575 45.9 74.1 46.9 72.1 46.9 72.1 

31 Antebi 2950 42.9 74.1 45.4 72.1 45.4 72.1 

32 Antebi 1720 45.4 74.1 42.9 72.1 42.9 72.1 
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Table A-7 Material properties of the walls with barbell and flanged cross-sections (cont’d) 

No. Researcher cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

33 Antebi 2600 45.5 74.1 42.6 72.1 42.6 72.1 

34 Antebi 2720 48.2 74.1 48.8 72.1 48.8 72.1 

35 Antebi 2030 45.9 74.1 46.3 72.1 46.3 72.1 

36 Antebi 2380 46.3 74.1 44.4 72.1 44.4 72.1 

37 Antebi 2470 46.2 74.1 49.8 72.1 49.8 72.1 

38 Antebi 2640 45.8 74.1 50.5 72.1 50.5 72.1 

39 Antebi 2989 46.0 74.1 49.5 72.1 49.5 72.1 

40 Antebi 2089 45.3 74.1 50.2 72.1 50.2 72.1 

41 Antebi 3305 46.5 74.1 52.3 72.1 52.3 72.1 

42 Antebi 3329 45.9 74.1 53.8 72.1 53.8 72.1 

43 Antebi 3023 45.9 74.1 50.6 72.1 50.6 72.1 

44 Antebi 2901 48.7 74.1 50.5 72.1 50.5 72.1 

45 Antebi 2723 45.5 74.1 50.4 72.1 50.4 72.1 

46 Antebi 2844 46.2 74.1 50.8 72.1 50.8 72.1 

47 Aoyagi 2859 52.6 NR 51.2 NR 51.2 NR 

48 Aoyagi 3755 52.6 NR 51.2 NR 51.2 NR 

49 Aoyagi 4267 52.6 NR 49.2 NR 49.2 NR 

50 Aoyagi 3456 39.5 NR 51.2 NR 51.2 NR 

51 Aoyagi 4239 39.5 NR 49.2 NR 49.2 NR 

52 Barda 4200 76.2 118.7 78.8 123.1 71.9 98.6 

53 Barda 2370 70.6 119.0 80.0 126.5 72.4 97.0 

54 Barda 3920 60.0 96.7 79.0 123.3 74.4 97.5 

55 Barda 2760 76.5 117.2 77.6 119.6 N/A N/A 

56 Barda 4190 76.4 117.0 N/A N/A 71.8 98.3 

57 Barda 3080 76.7 116.3 72.0 94.8 72.0 94.8 

58 Barda 3730 78.2 115.1 77.0 120.4 72.7 96.0 

59 Barda 3400 70.9 112.8 76.5 109.5 71.9 97.9 

60 Benjamin 2850 45.3 76.0 N/A N/A N/A N/A 

61 Benjamin 3290 45.3 76.0 N/A N/A N/A N/A 

62 Benjamin 3260 45.3 76.0 N/A N/A N/A N/A 

63 Benjamin 3500 45.3 76.0 N/A N/A N/A N/A 

64 Benjamin 2920 45.3 76.0 49.5 55.3 49.5 55.3 
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Table A-7 Material properties of the walls with barbell and flanged cross-sections (cont’d) 

No. Researcher cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

65 Benjamin 3120 45.3 76.0 49.5 55.3 49.5 55.3 

66 Benjamin 2830 45.3 76.0 49.5 55.3 49.5 55.3 

67 Benjamin 3830 45.3 76.0 49.5 55.3 49.5 55.3 

68 Benjamin 3060 45.3 76.0 49.5 55.3 49.5 55.3 

69 Benjamin 2920 45.3 76.0 49.5 55.3 49.5 55.3 

70 Benjamin 3220 45.3 76.0 49.5 55.3 49.5 55.3 

71 Benjamin 3470 45.3 76.0 49.5 55.3 49.5 55.3 

72 Benjamin 3250 45.3 76.0 49.5 55.3 49.5 55.3 

73 Benjamin 3020 45.3 76.0 N/A N/A N/A N/A 

74 Benjamin 3024 45.3 76.0 N/A N/A N/A N/A 

75 Benjamin 3450 45.3 76.0 N/A N/A N/A N/A 

76 Benjamin 3000 45.3 76.0 49.5 55.3 49.5 55.3 

77 Benjamin 3000 47.0 74.0 52.0 83.0 52.0 83.0 

78 Benjamin 3200 47.0 74.0 52.0 83.0 52.0 83.0 

79 Benjamin 2750 47.0 74.0 52.0 83.0 52.0 83.0 

80 Benjamin 3680 47.0 74.0 52.0 83.0 52.0 83.0 

81 Benjamin 3100 47.0 74.0 52.0 83.0 52.0 83.0 

82 Benjamin 2340 43.0 69.0 52.0 83.0 52.0 83.0 

83 Benjamin 2340 43.0 69.0 52.0 83.0 52.0 83.0 

84 Benjamin 2340 43.0 69.0 52.0 83.0 52.0 83.0 

85 Kabeyasawa 2788 56.8 80.7 57.3 76.3 57.3 76.3 

86 Kabeyasawa 2788 56.8 80.7 57.3 76.3 57.3 76.3 

87 Kabeyasawa 2788 56.8 80.7 57.3 76.3 57.3 76.3 

88 Kabeyasawa 3015 56.8 80.7 57.3 76.3 57.3 76.3 

89 Kabeyasawa 2913 54.8 79.0 51.7 73.2 51.7 73.2 

90 Maier 5352 83.3 110.8 83.3 110.8 83.3 110.8 

91 Maier 5568 83.3 110.8 83.3 110.8 83.3 110.8 

92 Maier 5323 76.9 107.2 76.9 107.2 83.3 110.8 

93 Maier 5410 83.3 110.8 83.3 110.8 83.3 110.8 

94 Maier 5163 69.5 110.8 69.5 110.8 77.9 108.2 

95 Maier 4946 80.5 113.4 80.5 113.4 80.5 113.4 

96 Rothe 4496 60.9 72.5 60.9 72.5 60.9 72.5 
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Table A-7 Material properties of the walls with barbell and flanged cross-sections (cont’d) 

No. Researcher cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

97 Rothe 4308 60.9 72.5 60.9 72.5 60.9 72.5 

98 Rothe 4881 60.9 72.5 60.9 72.5 60.9 72.5 

99 Rothe 4483 60.9 72.5 60.9 72.5 60.9 72.5 

100 Rothe 4444 60.9 72.5 60.9 72.5 60.9 72.5 

101 Rothe 3858 60.9 72.5 60.9 72.5 60.9 72.5 

102 Ryo 3371 67.8 N/A 48.6 N/A 48.6 N/A 

103 Ryo 4779 67.8 N/A 48.6 N/A 48.6 N/A 

104 Ryo 2518 67.8 N/A 70.4 N/A 70.4 N/A 

105 SAFE 5246 76.7 89.7 82.7 94.4 82.7 94.4 

106 SAFE 5834 76.7 89.7 82.7 94.4 82.7 94.4 

107 SAFE 5834 76.7 89.7 82.7 94.4 82.7 94.4 

108 SAFE 5834 82.2 94.5 86.2 97.5 83.1 94.4 

109 SAFE 5834 82.2 94.5 86.2 97.5 83.1 94.4 

110 SAFE 5834 83.1 94.4 86.2 97.5 86.2 97.5 

111 SAFE 5834 83.1 94.4 86.2 97.5 86.2 97.5 

112 SAFE 5834 82.2 94.5 83.1 94.4 83.1 94.4 

113 SAFE 5834 83.1 94.4 86.2 97.5 86.2 97.5 

114 SAFE 5834 82.2 94.5 82.5 96.3 82.5 96.3 

115 Shiga 2674 55.5 79.6 42.7 58.3 42.7 58.3 

116 Shiga 2674 55.5 79.6 42.7 58.3 42.7 58.3 

117 Shiga 2333 55.5 79.6 42.7 58.3 42.7 58.3 

118 Shiga 2333 55.5 79.6 42.7 58.3 42.7 58.3 

119 Shiga 2148 55.5 79.6 42.7 58.3 42.7 58.3 

120 Shiga 2148 55.5 79.6 42.7 58.3 42.7 58.3 

121 Shiga 2219 55.5 79.6 42.7 58.3 42.7 58.3 

122 Shiga 2219 55.5 79.6 42.7 58.3 42.7 58.3 

123 Shiga 2461 46.9 74.0 76.8 82.5 76.8 82.5 

124 Shiga 2461 46.9 74.0 76.8 82.5 76.8 82.5 

125 Shiga 2404 46.9 74.0 76.8 82.5 76.8 82.5 

126 Shiga 2404 46.9 74.0 76.8 82.5 76.8 82.5 

127 Shiga 2461 46.9 74.0 76.8 82.5 76.8 82.5 

128 Shiga 2461 46.9 74.0 76.8 82.5 76.8 82.5 
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Table A-7 Material properties of the walls with barbell and flanged cross-sections (cont’d) 

No. Researcher cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

129 Shiga 1693 46.9 74.0 76.8 82.5 76.8 82.5 

130 Shiga 1693 46.9 74.0 76.8 82.5 76.8 82.5 

131 Shiga 1451 46.9 74.0 76.8 82.5 76.8 82.5 

132 Sugano 3499 60.7 NR 79.6 NR 79.6 NR 

133 Sugano 3655 60.7 NR 66.8 NR 66.8 NR 

134 Sugano 2987 57.6 NR 82.9 NR 82.9 NR 

135 Sugano 3015 57.6 NR 82.9 NR 82.9 NR 

136 Sugano 3086 57.6 NR 82.9 NR 82.9 NR 

137 Sugano 2845 57.6 NR 82.9 NR 82.9 NR 

138 Sugano 3015 57.6 NR 82.9 NR 82.9 NR 

139 Sugano 2973 57.6 NR 41.2 NR 41.2 NR 

140 Sugano 2845 57.6 NR 41.2 NR 41.2 NR 

141 Sugano 3029 57.6 NR 57.6 NR 57.6 NR 

142 Synge 3771 43.5 66.7 45.7 63.8 55.1 83.5 

143 Tsuboi 4381 37.8 NR 43.0 NR 43.0 NR 

144 Tsuboi 4551 43.8 NR 43.0 NR 43.0 NR 

145 Tsuboi 4338 37.8 NR 43.0 NR 43.0 NR 

146 Tsuboi 4665 43.8 NR 43.0 NR 43.0 NR 

147 Tsuboi 4310 37.8 NR 43.0 NR 43.0 NR 

148 Tsuboi 4153 43.8 NR 43.0 NR 43.0 NR 

149 Mo 4670 43.8 NR 43.8 NR 43.8 NR 

150 Mo 4670 43.8 NR 43.8 NR 43.8 NR 

151 Mo 4656 43.8 NR 43.8 NR 43.8 NR 

152 Mo 4279 64.3 NR 64.3 NR 64.3 NR 

153 Mo 4279 64.3 NR 64.3 NR 64.3 NR 

154 Mo 4496 64.3 NR 64.3 NR 64.3 NR 

155 Mo 5439 43.8 NR 43.8 NR 43.8 NR 

156 Mo 5439 43.8 NR 43.8 NR 43.8 NR 

157 Mo 5787 43.8 NR 43.8 NR 43.8 NR 

158 Mo 2611 43.8 NR 43.8 NR 43.8 NR 

159 Mo 2611 43.8 NR 43.8 NR 43.8 NR 

160 Mo 4308 43.8 NR 43.8 NR 43.8 NR 
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Table A-7 Material properties of the walls with barbell and flanged cross-sections (cont’d) 

No. Researcher cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

161 Mo 4453 64.3 NR 64.3 NR 64.3 NR 

162 Mo 4380 64.3 NR 64.3 NR 64.3 NR 

163 Mo 4380 64.3 NR 64.3 NR 64.3 NR 

164 Mo 5700 64.3 NR 64.3 NR 64.3 NR 

165 Mo 5366 64.3 NR 64.3 NR 64.3 NR 

166 Mo 5004 64.3 NR 64.3 NR 64.3 NR 

167 Mo 9573 43.8 NR 43.8 NR 43.8 NR 

168 Mo 9573 43.8 NR 43.8 NR 43.8 NR 

169 Bouchon 4148 81.9 86.3 89.9 95.0 89.9 95.0 

170 Endo 3769 52.1 NR 90.5 NR 90.5 NR 

171 Endo 3570 52.1 NR 90.5 NR 90.5 NR 

172 Endo 3769 52.1 NR 90.5 NR 90.5 NR 

173 Endo 3570 52.1 NR 90.5 NR 90.5 NR 

174 Endo 3769 52.1 NR 90.5 NR 90.5 NR 

175 NUPEC 4153 56.7 71.8 56.7 71.8 56.7 71.8 

176 NUPEC 4267 56.7 71.8 56.7 71.8 56.7 71.8 

177 Vecchio 3147 87.7 94.6 87.7 94.6 87.7 94.6 

178 Vecchio 2727 87.7 94.6 87.7 94.6 87.7 94.6 

179 XiangDong 7181 61.6 78.3 60.8 81.6 60.8 81.6 

180 XiangDong 8172 61.6 78.3 60.8 81.6 60.8 81.6 

181 XiangDong 7216 61.6 78.3 60.8 81.6 60.8 81.6 

182 XiangDong 7652 61.6 78.3 60.8 81.6 60.8 81.6 

183 XiangDong 7004 61.6 78.3 87.0 94.3 87.0 94.3 

184 XiangDong 7287 61.6 78.3 60.8 81.6 60.8 81.6 

185 XiangDong 8100 61.6 78.3 60.8 81.6 60.8 81.6 

186 XiangDong 8277 61.6 78.3 87.0 94.3 87.0 94.3 

187 XiangDong 8254 61.6 78.3 87.0 94.3 87.0 94.3 

188 Sheu 3926 67.8 104.7 67.8 104.7 67.8 104.7 

189 Sheu 4039 67.8 104.7 67.8 104.7 67.8 104.7 

190 Sheu 3670 67.8 104.7 67.8 104.7 67.8 104.7 

191 Sheu 3769 67.8 104.7 67.8 104.7 67.8 104.7 

192 Sheu 4494 67.8 104.7 67.8 104.7 67.8 104.7 
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Table A-7 Material properties of the walls with barbell and flanged cross-sections (cont’d) 

No. Researcher cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

193 Sheu 4480 65.7 102.4 65.7 102.4 65.7 102.4 

194 Sheu 4765 65.7 102.4 65.7 102.4 65.7 102.4 

195 Sheu 4054 65.7 102.4 65.7 102.4 65.7 102.4 

196 Sheu 4310 65.7 102.4 65.7 102.4 65.7 102.4 

197 Sheu 5405 65.7 102.4 65.7 102.4 65.7 102.4 

198 Sheu 3883 71.2 103.6 71.2 103.6 71.2 103.6 

199 Sheu 3200 71.2 103.6 71.2 103.6 71.2 103.6 

200 Sheu 3257 71.2 103.6 71.2 103.6 71.2 103.6 

201 Sheu 3342 71.2 103.6 71.2 103.6 71.2 103.6 

202 Sheu 3527 71.2 103.6 71.2 103.6 71.2 103.6 

203 Sheu 3414 71.2 103.6 71.2 103.6 71.2 103.6 

204 Sheu 4196 71.2 103.6 71.2 103.6 71.2 103.6 

205 Saito 5106 53.5 76.2 53.5 76.2 53.5 76.2 

206 Saito 5533 53.5 76.2 53.5 76.2 53.5 76.2 

207 Saito 5191 53.5 76.2 53.5 76.2 53.5 76.2 

208 Saito 5191 53.5 76.2 53.5 76.2 53.5 76.2 

209 Saito 5860 53.5 76.2 53.5 76.2 53.5 76.2 

210 Saito 4807 53.5 76.2 53.5 76.2 53.5 76.2 

211 Saito 4921 53.5 76.2 53.5 76.2 53.5 76.2 

212 Saito 3598 53.5 76.2 53.5 76.2 53.5 76.2 

213 Saito 3755 53.5 76.2 53.5 76.2 53.5 76.2 

214 Seki 4580 50.6 78.7 50.6 78.7 50.6 78.7 

215 Seki 4281 50.6 78.7 50.6 78.7 50.6 78.7 

216 Seki 4196 55.3 78.7 55.3 78.7 55.3 78.7 

217 Seki 4196 55.3 78.7 55.3 78.7 55.3 78.7 

218 Seki 4366 50.6 78.7 50.6 78.7 50.6 78.7 

219 Seki 4238 50.6 78.7 50.6 78.7 50.6 78.7 

220 Sato 6251 61.2 81.2 61.2 81.2 61.2 81.2 

221 Sato 5512 42.9 69.6 42.9 69.6 42.9 69.6 

222 Sato 5192 61.2 81.2 61.2 81.2 61.2 81.2 

223 Sato 5076 76.6 89.9 76.6 89.9 76.6 89.9 

224 Sato 5816 42.9 69.6 42.9 69.6 42.9 69.6 
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Table A-7 Material properties of the walls with barbell and flanged cross-sections (cont’d) 

No. Researcher cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

225 Sato 5947 61.2 81.2 61.2 81.2 61.2 81.2 

226 Sato 5265 42.9 69.6 42.9 69.6 42.9 69.6 

227 Sato 4989 61.2 81.2 61.2 81.2 61.2 81.2 

228 Sato 5395 76.6 89.9 76.6 89.9 76.6 89.9 

229 Sato 3553 42.9 69.6 42.9 69.6 42.9 69.6 

230 Sato 4032 61.2 81.2 61.2 81.2 61.2 81.2 

231 Sato 5700 42.9 69.6 42.9 69.6 42.9 69.6 

232 Sato 5628 61.2 81.2 61.2 81.2 61.2 81.2 

233 Sato 5439 76.6 89.9 76.6 89.9 76.6 89.9 

234 Sato 4844 42.9 69.6 42.9 69.6 42.9 69.6 

235 Sato 5018 61.2 81.2 61.2 81.2 61.2 81.2 

236 Sato 3974 42.9 69.6 42.9 69.6 42.9 69.6 

237 Sato 3989 61.2 81.2 61.2 81.2 61.2 81.2 

238 Sato 4061 76.6 89.9 76.6 89.9 76.6 89.9 

239 Sato 6063 42.9 69.6 42.9 69.6 42.9 69.6 

240 Sato 6251 61.2 81.2 61.2 81.2 61.2 81.2 

241 Sato 6469 76.6 89.9 76.6 89.9 76.6 89.9 

242 Chiba 4935 54.9 83.4 59.7 77.8 59.7 77.8 

243 Chiba 4281 54.9 83.4 59.7 77.8 59.7 77.8 

244 Chiba 5760 54.9 83.4 59.7 77.8 59.7 77.8 

245 Chiba 4878 55.0 82.7 59.7 77.8 59.7 77.8 

246 Chiba 5021 54.3 83.8 59.7 77.8 59.7 77.8 

247 Chiba 4608 54.9 83.4 59.7 77.8 59.7 77.8 

248 Chiba 4793 54.9 83.4 59.7 77.8 59.7 77.8 

249 Chiba 4850 54.9 83.4 59.7 77.8 59.7 77.8 

250 Yagishita 4224 54.9 83.4 59.7 77.8 59.7 77.8 

251 Yagishita 4295 54.9 83.4 59.7 77.8 59.7 77.8 

252 Yagishita 4167 54.9 83.4 59.7 77.8 59.7 77.8 

253 Fukuzawa 5106 54.9 83.4 N/A N/A N/A N/A 

254 Fukuzawa 5106 54.9 83.4 59.7 77.8 59.7 77.8 

255 Fukuzawa 4878 54.3 83.8 59.7 77.8 59.7 77.8 

256 Fukuzawa 4594 54.3 83.8 59.7 77.8 59.7 77.8 
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Table A-7 Material properties of the walls with barbell and flanged cross-sections (cont’d) 

No. Researcher cf ′  
(psi) 

ybef  
(ksi) 

ubef  
(ksi) 

yvf  
(ksi) 

uvf  
(ksi) 

yhf  
(ksi) 

uhf  
(ksi) 

257 Fukuzawa 4594 54.9 83.4 N/A N/A N/A N/A 

258 Fukuzawa 4594 54.9 83.4 N/A N/A N/A N/A 

259 Fukuzawa 5106 54.9 83.4 59.7 77.8 59.7 77.8 

260 Fukuzawa 4935 54.9 83.4 59.7 77.8 59.7 77.8 

261 Fukuzawa 4878 54.9 83.4 59.7 77.8 59.7 77.8 

262 Fukuzawa 4864 54.9 83.4 59.7 77.8 59.7 77.8 

263 Fukuzawa 4935 54.3 83.8 59.7 77.8 59.7 77.8 

264 Fukuzawa 4978 54.3 83.8 59.7 77.8 59.7 77.8 

265 Hatori 4893 54.3 83.8 59.7 77.8 59.7 77.8 

266 Hatori 4921 54.3 83.8 59.7 77.8 59.7 77.8 

267 Hatori 5149 54.9 83.4 59.7 77.8 59.7 77.8 

268 Hatori 3655 54.9 83.4 59.7 77.8 59.7 77.8 

269 Hatori 3755 54.9 83.4 59.7 77.8 59.7 77.8 

270 Hatori 3655 54.3 83.8 59.7 77.8 59.7 77.8 

271 Taga 3940 56.2 77.0 46.6 75.8 46.6 75.8 

272 Taga 5561 56.2 77.0 46.6 75.8 46.6 75.8 

273 Taga 8463 56.2 77.0 46.6 75.8 46.6 75.8 

274 Taga 5291 56.2 77.0 46.6 75.8 46.6 75.8 

275 Taga 3726 56.2 77.0 46.6 75.8 46.6 75.8 

276 Taga 5391 56.2 77.0 46.6 75.8 46.6 75.8 

277 Taga 8434 56.2 77.0 46.6 75.8 46.6 75.8 

278 Farvashany 15084 64.4 77.6 58.3 79.8 79.8 58.3 

279 Farvashany 13489 64.4 77.6 58.3 79.8 79.8 58.3 

280 Farvashany 12473 64.4 77.6 58.3 79.8 79.8 58.3 

281 Farvashany 13199 64.4 77.6 58.3 79.8 79.8 58.3 

282 Farvashany 12183 64.4 77.6 58.3 79.8 79.8 58.3 

283 Farvashany 13054 64.4 77.6 58.3 79.8 79.8 58.3 

284 Farvashany 14794 64.4 77.6 58.3 79.8 79.8 58.3 
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Table A-8 Loading and performance information of the walls with barbell and flanged 
cross-sections 

No. Researcher Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

1 Antebi Blast 0.0 100.7 95.0 shear 

2 Antebi Blast 0.0 101.7 85.0 shear 

3 Antebi Monotonic 0.0 101.5 81.0 shear 

4 Antebi Blast 0.0 171.4 114.8 shear 

5 Antebi Blast 0.0 171.0 108.7 shear 

6 Antebi Blast 0.0 170.1 120.2 shear 

7 Antebi Monotonic 0.0 169.5 102.0 shear 

8 Antebi Blast 0.0 107.3 143.0 flexure 

9 Antebi Blast 0.0 106.3 117.5 flexure 

10 Antebi Monotonic 0.0 104.9 93.0 shear 

11 Antebi Blast 0.0 107.3 110.0 flexure 

12 Antebi Blast 0.0 107.1 125.0 flexure 

13 Antebi Blast 0.0 100.5 110.0 flexure 

14 Antebi Blast 0.0 102.7 116.8 flexure 

15 Antebi Blast 0.0 108.0 130.0 flexure 

16 Antebi Blast 0.0 118.1 186.6 flexure 

17 Antebi Blast 0.0 123.8 170.0 flexure 

18 Antebi Monotonic 0.0 112.7 92.0 shear 

19 Antebi Blast 0.0 114.6 130.0 flexure 

20 Antebi Monotonic 0.0 115.0 100.0 shear 

21 Antebi Blast 0.0 111.3 107.0 shear 

22 Antebi Blast 0.0 111.0 116.0 flexure 

23 Antebi Monotonic 0.0 116.4 91.0 shear 

24 Antebi Blast 0.0 111.8 102.0 shear 

25 Antebi Monotonic 0.0 117.8 81.0 shear 

26 Antebi Blast 0.0 193.2 144.0 shear 

27 Antebi Blast 0.0 201.7 152.0 shear 

28 Antebi Monotonic 0.0 193.9 106.0 shear 

29 Antebi Blast 0.0 202.1 126.0 shear 

30 Antebi Blast 0.0 199.3 133.0 shear 

31 Antebi Monotonic 0.0 99.5 92.0 shear 

32 Antebi Blast 0.0 92.0 87.0 shear 
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Table A-8 Loading and performance information of the walls with barbell and flanged 
cross-sections (cont’d) 

No. Researcher Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

33 Antebi Blast 0.0 98.3 110.0 flexure 

34 Antebi Blast 0.0 100.5 110.0 flexure 

35 Antebi Monotonic 0.0 94.5 90.0 shear 

36 Antebi Monotonic 0.0 108.7 92.0 shear 

37 Antebi Monotonic 0.0 110.2 113.0 flexure 

38 Antebi Blast 0.0 111.6 112.0 flexure 

39 Antebi Blast 0.0 114.0 117.0 flexure 

40 Antebi Monotonic 0.0 106.5 96.1 shear 

41 Antebi Monotonic 0.0 278.6 111.0 shear 

42 Antebi Blast 0.0 280.8 178.0 shear 

43 Antebi Blast 0.0 274.6 176.0 shear 

44 Antebi Monotonic 0.0 273.7 110.0 shear 

45 Antebi Blast 0.0 267.3 152.0 shear 

46 Antebi Monotonic 0.0 270.4 135.0 shear 

47 Aoyagi Cyclic 0.0 375.4 209.4 shear 

48 Aoyagi Cyclic 0.0 383.4 231.5 shear 

49 Aoyagi Cyclic 0.0 434.2 349.4 shear 

50 Aoyagi Cyclic 0.0 855.2 336.2 shear 

51 Aoyagi Cyclic 0.0 908.2 519.2 shear 

52 Barda Monotonic 0.0 516.8 273.9 shear 

53 Barda Monotonic 0.0 1110.4 220.0 shear 

54 Barda Cyclic 0.0 779.2 249.1 shear 

55 Barda Cyclic 0.0 842.7 228.7 shear 

56 Barda Cyclic 0.0 826.9 157.1 shear 

57 Barda Cyclic 0.0 825.9 197.0 shear 

58 Barda Cyclic 0.0 1771.2 256.2 shear 

59 Barda Cyclic 0.0 422.1 199.1 shear 

60 Benjamin Monotonic 0.0 25.1 20.4 shear 

61 Benjamin Monotonic 0.0 44.2 25.3 shear 

62 Benjamin Monotonic 0.0 63.2 31.2 shear 

63 Benjamin Monotonic 0.0 102.7 48.0 shear 

64 Benjamin Monotonic 0.0 28.0 20.0 shear 
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Table A-8 Loading and performance information of the walls with barbell and flanged 
cross-sections (cont’d) 

No. Researcher Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

65 Benjamin Monotonic 0.0 50.8 34.8 shear 

66 Benjamin Monotonic 0.0 77.3 45.3 shear 

67 Benjamin Monotonic 0.0 141.3 66.0 shear 

68 Benjamin Monotonic 0.0 107.5 42.0 shear 

69 Benjamin Monotonic 0.0 110.7 56.0 shear 

70 Benjamin Monotonic 0.0 122.9 104.0 shear 

71 Benjamin Monotonic 0.0 124.5 84.0 shear 

72 Benjamin Monotonic 0.0 131.9 66.0 shear 

73 Benjamin Monotonic 0.0 101.9 49.0 shear 

74 Benjamin Monotonic 0.0 102.1 60.0 shear 

75 Benjamin Monotonic 0.0 232.6 120.0 shear 

76 Benjamin Monotonic 0.0 269.1 154.0 shear 

77 Benjamin Monotonic 0.0 115.9 71.0 shear 

78 Benjamin Monotonic 0.0 162.1 48.0 shear 

79 Benjamin Monotonic 0.0 120.0 78.0 shear 

80 Benjamin Monotonic 0.0 121.3 73.0 shear 

81 Benjamin Monotonic 0.0 162.5 40.0 shear 

82 Benjamin Monotonic 0.0 56.6 40.0 shear 

83 Benjamin Monotonic 0.0 56.6 40.0 shear 

84 Benjamin Monotonic 0.0 56.6 36.0 shear 

85 Kabeyasawa Cyclic 9.8 109.3 99.2 shear 

86 Kabeyasawa Cyclic 9.8 117.8 108.0 shear 

87 Kabeyasawa Cyclic 9.8 150.7 121.7 shear 

88 Kabeyasawa Cyclic 9.1 128.7 114.6 shear 

89 Kabeyasawa Cyclic 7.2 247.3 166.0 shear 

90 Maier Monotonic 6.6 157.5 152.9 shear 

91 Maier Monotonic 24.2 234.0 208.6 shear 

92 Maier Monotonic 6.5 258.2 219.6 shear 

93 Maier Cyclic 6.3 157.0 153.4 shear 

94 Maier Monotonic 6.6 145.6 149.9 flexure 

95 Maier Cyclic 27.3 223.2 192.2 shear 

96 Rothe ES 0.0 15.3 19.1 flexure 
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Table A-8 Loading and performance information of the walls with barbell and flanged 
cross-sections (cont’d) 

No. Researcher Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

97 Rothe ES 0.0 22.0 28.9 flexure 

98 Rothe Cyclic 0.0 22.4 26.3 flexure 

99 Rothe Cyclic 9.6 24.2 30.9 flexure 

100 Rothe Cyclic 6.5 28.0 32.4 flexure 

101 Rothe Monotonic 0.0 15.1 21.1 flexure 

102 Ryo Repeated 0.0 302.7 217.2 shear 

103 Ryo Cyclic 0.0 308.4 209.4 shear 

104 Ryo Cyclic 0.0 187.3 136.7 shear 

105 SAFE Cyclic 0.0 3183.5 813.8 shear 

106 SAFE Cyclic 0.0 3205.5 1191.5 shear 

107 SAFE Cyclic 0.0 3399.8 1245.4 shear 

108 SAFE Cyclic 2.5 2731.8 1164.5 shear 

109 SAFE Cyclic 2.5 2731.8 1587.2 shear 

110 SAFE Cyclic 0.0 1898.2 881.3 shear 

111 SAFE Cyclic 0.0 1898.3 937.5 shear 

112 SAFE Cyclic 0.0 2681.8 1267.9 shear 

113 SAFE Cyclic 0.0 1898.3 921.7 shear 

114 SAFE Cyclic 2.5 2211.5 854.3 shear 

115 Shiga Cyclic 0.0 118.5 39.0 shear 

116 Shiga Cyclic 0.0 118.5 41.4 shear 

117 Shiga Cyclic 0.0 116.3 47.2 shear 

118 Shiga Monotonic 0.0 116.3 50.9 shear 

119 Shiga Cyclic 16.6 134.4 75.2 shear 

120 Shiga Cyclic 0.0 118.4 52.9 shear 

121 Shiga Cyclic 16.0 138.0 68.3 shear 

122 Shiga Cyclic 32.1 154.9 63.3 shear 

123 Shiga Monotonic 14.5 126.1 54.0 shear 

124 Shiga Cyclic 14.5 126.1 53.6 shear 

125 Shiga Cyclic 14.8 125.7 62.2 shear 

126 Shiga Cyclic 14.8 125.7 74.7 shear 

127 Shiga Cyclic 14.5 126.1 48.5 shear 

128 Shiga Cyclic 14.5 126.1 45.6 shear 
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Table A-8 Loading and performance information of the walls with barbell and flanged 
cross-sections (cont’d) 

No. Researcher Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

129 Shiga Cyclic 21.0 118.2 29.1 shear 

130 Shiga Cyclic 21.0 118.2 30.2 shear 

131 Shiga Cyclic 24.5 115.8 43.4 shear 

132 Sugano Cyclic 0.0 283.5 187.4 shear 

133 Sugano Cyclic 0.0 270.3 180.8 shear 

134 Sugano Monotonic 8.8 2500.1 529.1 shear 

135 Sugano Monotonic 16.7 8777.9 661.4 shear 

136 Sugano Monotonic 11.4 2679.1 705.5 shear 

137 Sugano Monotonic 7.1 2013.4 407.9 shear 

138 Sugano Monotonic 7.1 2058.5 429.9 shear 

139 Sugano Monotonic 8.0 2118.8 480.6 shear 

140 Sugano Monotonic 7.8 2074.4 445.3 shear 

141 Sugano Monotonic 8.5 2368.7 518.1 shear 

142 Synge Cyclic 0.0 242.3 166.9 shear 

143 Tsuboi Repeated 0.0 20.2 22.7 flexure 

144 Tsuboi Repeated 0.0 38.7 36.4 shear 

145 Tsuboi Repeated 0.0 21.4 24.5 flexure 

146 Tsuboi Repeated 0.0 40.0 39.2 shear 

147 Tsuboi Repeated 0.0 44.9 43.9 shear 

148 Tsuboi Repeated 0.0 84.7 41.4 shear 

149 Mo Cyclic 0.0 42.4 46.1 flexure 

150 Mo Cyclic 0.0 42.4 55.5 flexure 

151 Mo Cyclic 0.0 42.3 45.4 flexure 

152 Mo Cyclic 0.0 59.2 57.3 shear 

153 Mo Cyclic 0.0 59.2 45.9 shear 

154 Mo Cyclic 0.0 59.8 46.1 shear 

155 Mo Cyclic 0.0 42.8 50.1 flexure 

156 Mo Cyclic 0.0 42.8 51.9 flexure 

157 Mo Cyclic 0.0 42.9 56.2 flexure 

158 Mo Cyclic 0.0 37.2 43.4 flexure 

159 Mo Cyclic 0.0 37.2 48.8 flexure 

160 Mo Cyclic 0.0 38.6 45.6 flexure 
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Table A-8 Loading and performance information of the walls with barbell and flanged 
cross-sections (cont’d) 

No. Researcher Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

161 Mo Cyclic 0.0 55.3 55.3 shear 

162 Mo Cyclic 0.0 55.4 45.0 shear 

163 Mo Cyclic 0.0 55.4 47.2 shear 

164 Mo Cyclic 0.0 56.3 49.2 shear 

165 Mo Cyclic 0.0 55.8 46.1 shear 

166 Mo Cyclic 0.0 55.2 47.2 shear 

167 Mo Cyclic 0.0 39.8 56.2 flexure 

168 Mo Cyclic 0.0 39.8 51.0 flexure 

169 Bouchon Cyclic 3.5 564.4 181.3 shear 

170 Endo Cyclic 5.3 201.5 147.0 shear 

171 Endo Cyclic 5.6 156.7 117.3 shear 

172 Endo Cyclic 5.3 115.7 117.9 flexure 

173 Endo Cyclic 7.0 156.6 104.9 shear 

174 Endo Cyclic 6.7 316.4 176.1 shear 

175 NUPEC ES 3.9 506.3 367.8 shear 

176 NUPEC ES 3.8 506.4 363.8 shear 

177 Vecchio Cyclic 5.4 505.1 287.0 shear 

178 Vecchio Cyclic 0.0 370.1 200.4 shear 

179 XiangDong Cyclic 9.3 184.5 136.3 shear 

180 XiangDong Cyclic 4.1 157.3 142.2 shear 

181 XiangDong Cyclic 1.5 136.7 101.8 shear 

182 XiangDong Cyclic 4.4 174.3 157.8 shear 

183 XiangDong Cyclic 4.8 147.7 124.4 shear 

184 XiangDong Cyclic 4.6 173.5 165.6 shear 

185 XiangDong Cyclic 8.2 203.7 185.3 shear 

186 XiangDong Cyclic 8.1 179.0 152.0 shear 

187 XiangDong Cyclic 1.3 129.8 106.5 shear 

188 Sheu Monotonic 0.0 76.7 71.0 shear 

189 Sheu Repeated 0.0 77.1 65.5 shear 

190 Sheu Cyclic 0.0 75.3 58.9 shear 

191 Sheu Cyclic 0.0 76.1 60.1 shear 

192 Sheu Monotonic 0.0 78.3 68.8 shear 
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Table A-8 Loading and performance information of the walls with barbell and flanged 
cross-sections (cont’d) 

No. Researcher Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

193 Sheu Monotonic 0.0 87.7 87.8 flexure 

194 Sheu Cyclic 0.0 88.1 73.4 shear 

195 Sheu Monotonic 0.0 85.9 81.9 shear 

196 Sheu Cyclic 0.0 87.2 72.7 shear 

197 Sheu Monotonic 0.0 90.8 85.8 shear 

198 Sheu Cyclic 0.0 78.3 61.2 shear 

199 Sheu Cyclic 0.0 75.7 57.0 shear 

200 Sheu Cyclic 0.0 75.7 61.6 shear 

201 Sheu Cyclic 0.0 25.9 40.8 flexure 

202 Sheu Cyclic 0.0 26.2 30.6 flexure 

203 Sheu Cyclic 0.0 26.1 29.0 flexure 

204 Sheu Cyclic 6.3 34.1 46.0 flexure 

205 Saito Cyclic 5.6 975.9 597.4 shear 

206 Saito Cyclic 5.1 944.9 564.4 shear 

207 Saito Cyclic 5.5 1009.9 564.4 shear 

208 Saito Cyclic 2.7 937.3 557.8 shear 

209 Saito Cyclic 4.9 1000.5 599.7 shear 

210 Saito Cyclic 5.9 481.3 394.6 shear 

211 Saito Cyclic 2.9 464.4 370.4 shear 

212 Saito Cyclic 7.9 923.3 491.6 shear 

213 Saito Cyclic 7.6 465.7 407.9 shear 

214 Seki Cyclic 0.0 518.0 331.1 shear 

215 Seki Cyclic 3.4 601.0 375.7 shear 

216 Seki Cyclic 0.0 390.4 284.2 shear 

217 Seki Cyclic 3.5 453.2 329.1 shear 

218 Seki Cyclic 0.0 310.5 231.9 shear 

219 Seki Cyclic 3.5 361.0 263.0 shear 

220 Sato Cyclic 4.6 526.4 505.8 shear 

221 Sato Cyclic 5.3 459.6 377.7 shear 

222 Sato Cyclic 5.6 432.1 391.2 shear 

223 Sato Cyclic 5.7 405.8 391.2 shear 

224 Sato Cyclic 5.0 616.6 472.1 shear 
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Table A-8 Loading and performance information of the walls with barbell and flanged 
cross-sections (cont’d) 

No. Researcher Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

225 Sato Cyclic 4.9 582.3 492.3 shear 

226 Sato Cyclic 5.5 876.0 559.8 shear 

227 Sato Cyclic 5.8 870.2 559.8 shear 

228 Sato Cyclic 5.4 816.2 546.3 shear 

229 Sato Cyclic 8.2 533.7 404.7 shear 

230 Sato Cyclic 7.2 532.1 411.4 shear 

231 Sato Cyclic 5.1 575.3 424.9 shear 

232 Sato Cyclic 5.2 552.3 458.6 shear 

233 Sato Cyclic 5.3 534.8 445.1 shear 

234 Sato Cyclic 6.0 749.9 505.8 shear 

235 Sato Cyclic 5.8 726.4 532.8 shear 

236 Sato Cyclic 7.3 659.1 445.1 shear 

237 Sato Cyclic 7.3 629.1 458.6 shear 

238 Sato Cyclic 7.1 619.1 458.6 shear 

239 Sato Cyclic 4.8 706.4 512.6 shear 

240 Sato Cyclic 4.6 662.8 526.1 shear 

241 Sato Cyclic 4.5 643.3 546.3 shear 

242 Chiba Cyclic 5.8 431.4 372.8 shear 

243 Chiba Cyclic 6.6 366.8 265.0 shear 

244 Chiba Cyclic 4.9 400.3 331.6 shear 

245 Chiba Cyclic 5.8 521.1 377.0 shear 

246 Chiba Cyclic 5.7 602.8 409.8 shear 

247 Chiba Cyclic 12.3 522.0 340.6 shear 

248 Chiba Cyclic 5.9 643.3 363.5 shear 

249 Chiba Cyclic 5.9 322.3 302.0 shear 

250 Yagishita Cyclic 6.7 365.8 280.2 shear 

251 Yagishita Cyclic 6.6 384.6 293.9 shear 

252 Yagishita Cyclic 0.0 326.4 257.7 shear 

253 Fukuzawa Cyclic 5.6 319.4 268.1 shear 

254 Fukuzawa Cyclic 5.6 350.3 288.4 shear 

255 Fukuzawa Cyclic 5.8 635.0 450.4 shear 

256 Fukuzawa Cyclic 6.2 659.3 389.3 shear 
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Table A-8 Loading and performance information of the walls with barbell and flanged 
cross-sections (cont’d) 

No. Researcher Loading 
Type 

( )/ t cP A f ′  
(%) 

flexV  
(kips) 

peakV  
(kips) 

Governing 
failure 

257 Fukuzawa Cyclic 0.0 219.5 167.3 shear 

258 Fukuzawa Cyclic 12.4 411.5 319.4 shear 

259 Fukuzawa Cyclic 0.0 283.4 258.8 shear 

260 Fukuzawa Cyclic 11.5 473.3 381.8 shear 

261 Fukuzawa Cyclic 5.8 560.1 420.6 shear 

262 Fukuzawa Cyclic 5.8 280.4 286.6 flexure 

263 Fukuzawa Cyclic 5.8 901.1 467.8 shear 

264 Fukuzawa Cyclic 5.7 451.5 372.4 shear 

265 Hatori Cyclic 0.0 509.7 384.9 shear 

266 Hatori Cyclic 11.6 690.2 457.5 shear 

267 Hatori Cyclic 5.5 505.7 399.0 shear 

268 Hatori Cyclic 7.8 358.1 286.8 shear 

269 Hatori Cyclic 7.6 413.6 312.6 shear 

270 Hatori Cyclic 7.8 573.8 335.3 shear 

271 Taga Cyclic 7.2 325.5 244.7 shear 

272 Taga Cyclic 5.1 344.8 299.8 shear 

273 Taga Cyclic 3.4 364.1 328.5 shear 

274 Taga Cyclic 5.4 298.5 277.8 shear 

275 Taga Cyclic 7.6 368.7 255.7 shear 

276 Taga Cyclic 5.3 393.5 328.5 shear 

277 Taga Cyclic 3.4 421.0 377.0 shear 

278 Farvashany Cyclic 4.3 N/A 190.0 N/A 

279 Farvashany Cyclic 8.5 N/A 140.5 N/A 

280 Farvashany Cyclic 9.2 N/A 194.7 N/A 

281 Farvashany Cyclic 21.6 N/A 180.1 N/A 

282 Farvashany Cyclic 9.5 N/A 167.5 N/A 

283 Farvashany Cyclic 5.1 N/A 179.8 N/A 

284 Farvashany Cyclic 7.8 N/A 190.0 N/A 
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Appendix B – Nonlinear Finite Element Constitutive 
Models for Reinforced Concrete 

B.1 Concrete Damaged Plasticity Model in ABAQUS 

In damage-plasticity models, damage is implemented by reducing the elastic stiffness of the 
material as a function of the accumulated plastic strain. Summary information on the key aspects 
(yield condition and flow rule) of the Concrete Damaged Plasticity (CDP) model in ABAQUS is 
presented in the following sub-sections. The scope of the presentation is limited to rate- and 
temperature-independent formulation. See Lubliner et al. (1989), Lee and Fenves (1998), and 
Hibbitt, Karlsson & Sorensen, Inc. (2004) for more detailed information on the model. 

B.1.1 Yield Condition 

The CDP model in ABAQUS uses the yield function developed by Lubliner et al. (1989) with 
the modifications proposed by Lee and Fenves (1998): 

 ( )max max
1 ˆ ˆ( , ) 3 ( ) ( ) 0

1
pl pl pl

cF q pσ ε α β ε σ γ σ σ ε
α

= − + − − − ≤
−

 (B-1) 

where p  is the hydrostatic pressure, q  is the Mises equivalent stress, S is the deviatoric part of 
the stress tensor, and maxσ̂  is the algebraically maximum principal stress. The coefficient α  is a 
dimensionless constant that is a function of the initial equibiaxial and uniaxial compressive yield 
stresses, 0bσ  and 0cσ , respectively: 

 0 0

0 02
b c

b c

σ σα
σ σ

−
=

−
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Lubliner et al. (1989) states that the typical experimental values for the ratio 0 0/b cσ σ  for 
concrete range between 1.10 and 1.16. The function ( )plβ ε  is defined as: 

 ( )( ) (1 ) (1 )
( )

pl
pl c c

pl
t t

σ εβ ε α α
σ ε

= − − +  (B-3) 

where cσ  and tσ  are the tensile and compressive cohesion stresses, respectively. The parameter 

γ  in Equation B-1 is only effective under triaxial compression ( max
ˆ 0σ < ) and defined as: 

 ( )3 1
2 1

c

c

K
K

γ
−

=
−

 (B-4) 
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where cK  is the ratio of second invariant of the deviatoric stress tensor on the tensile meridian to 
the second invariant of the deviatoric stress tensor on the compression meridian. According to 
Lubliner et al. (1989), typical values for cK  range between 0.64 and 0.80 for concrete. In biaxial 

compression ( max
ˆ 0σ = ), Equation B-1 reduces to the well-known Drucker-Prager yield 

condition. 

B.1.2 Flow Rule 

The flow rule defines the orientation of the plastic strain. The increment of plastic strain is 
defined in Equation B-5: 

 ( )pl G σε λ
σ

∂
=

∂
 (B-5) 

The flow rule used in the CDP model is non-associative, therefore the function used to define the 
yield surface, F , is not used to define the flow potential (G ). The flow potential G  of the CDP 
model is a hyperbolic type Drucker-Prager function: 

 2 2
0( tan ) tantG q pεσ ψ ψ= + −  (B-6) 

where ψ  is the dilation angle, 0tσ  is the uniaxial tensile stress at failure, and ε  is a parameter 
referred as eccentricity, which defines the rate at which the function approaches to the 
asymptote. The dilation angle (ψ ) is defined as slope of the plastic potential function measured 
in the p q−  plane at higher confining pressures. Figure B-1 presents the flow potential defined 
in Equation B-6 in the p q−  plane. Note that the plastic potential function becomes a straight 
line (linear type Drucker-Prager function) for ε  = 0. Smaller values of the eccentricity enable a 
modestly varying dilation angle over a wide range of confining pressures. 

As shown in Section 5, the dilation angle is crucial to modeling the response of squat reinforced 
concrete walls. This is an expected result because the response of squat reinforced concrete walls 
is mostly by the characteristics of concrete. In squat walls, reinforcement yielding is generally 
modest and crushing is widespread. In contrast, the behavior of flexure dominated-structures is 
dominated generally by reinforcement yielding and the effect of characteristics of concrete on 
the response is more modest. 

Imran (1994) tested 130 concrete cylinder specimens subjected to triaxial loading. Using the 
results of these tests and of those obtained by Smith et al. (1989),  Imran (1994) developed a 
constitutive model based on non-associated plasticity to simulate the behavior of concrete. Four 
variables were considered in the experiments, namely, water-to-cement ratio ( /w c ), 
confinement stress, moisture content, and load path. Imran (1994) used a linear Drucker-Prager 
type function that is presented in Equation B-7 to represent the flow potential. The form of this 
function is similar to the potential function used in the ABAQUS formulation. In Equation B-7, 
the a  controls concrete dilatancy. 
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Figure B-1 Illustration of the potential function in the p q−  plane 

 1
22

3
IG J a= +  (B-7) 

Imran (1994) concluded that a  is a function of the confining stress and the amount of 
accumulated plastic strain and does not take on a unique value. Imran (1994) calibrated a  as a 
function of confining stress and accumulated plastic strain for three /w c  ratios (0.40, 0.55, and 
0.75). 

B.2 VecTor2 

VecTor2 [VecTor Analysis Group (2007)] is a nonlinear finite element analysis code used to 
model the behavior of reinforced concrete subjected to in-plane normal and shear stresses. The 
software includes two smeared-crack formulations, namely, Modified Compression Field Theory 
(MCFT) [Vecchio and Collins (1986)] and Disturbed Stress Field Model (DSFM) [Vecchio 
(2000)]. 

MCFT is a rotating crack approach that assumes that the orientations of the principal strains and 
principal concrete stresses are identical. DSFM does not enforce alignment of the principal strain 
and stress directions and considered as a delayed rotating-crack model [Wong and Vecchio 
(2002)]. The DSFM formulation was developed by modifying the MCFT formulation. Vecchio 
et al. (2001) concludes that DSFM performs better than MCFT under certain circumstances (i.e., 
for panels and beams without transverse reinforcement, for heavily reinforced panels subjected 
to biaxial compression). VecTor2 includes a plane-stress implementation of the MCFT and 
DSFM formulations. 

The two formulations employed by VecTor2 treat the cracked concrete as a solid continuum with 
cracks smeared over the element. The cracked concrete is represented as an orthotropic material 
with empirically modeled response in compression and tension. The equilibrium and 
compatibility relationships of MCFT and DSFM for concrete and reinforcement are developed 
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using average stresses and strains over a membrane element that includes an orthogonal 
reinforcement layout. The constitutive relationships for cracked concrete were originally 
developed based on the tests of reinforced concrete panels at the University of Toronto in early 
1980s [Vecchio and Collins (1982)]. The original constitutive relationships have been modified 
over the years as new experimental data became available. The MCFT and DSFM formulations 
are based on the smeared-crack approach that may not be appropriate for modeling lightly 
reinforced concrete elements for which the overall response is generally dominated by a 
single/localized crack. The main aspects of the MCFT and DSFM formulations are briefly 
introduced in the following sub-sections. 

B.2.1 Compatibility Equations 

B.2.1.1 MCFT 

Average strains in a cracked element as illustrated in Figure B-2 are used to define the 
compatibility relationships for the MCFT. Assuming that the bond between the concrete and 
reinforcement is perfect, the average strains in the membrane element ( xε , yε ) are equal to the 
average strains in concrete ( cxε , cyε ) and reinforcement ( sxε , syε ): 

 x cx sx

y cy sy

ε ε ε
ε ε ε

= =
= =

 (B-8) 

 
Figure B-2 Average strains in a cracked element [Wong and Vecchio (2002)] 

The average concrete principal tensile ( 1cε ) and compressive strain ( 2cε ), and the orientation of 
the average principle tensile strain and stress axes with respect to the x  axis ( eθ  and σθ , 
respectively) can be calculated as shown in Equations B-9 and B-10 using xε , yε , and xyγ . 
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2 2c c x y x y xyε ε ε ε ε ε γ= + ± − +  (B-9) 
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B.2.1.2 DSFM 

The DSFM assumes that the total strains in an element consist of the strains in the concrete 
continuum ( cxε , cyε , cxyγ  – net concrete strains) and components of the crack slip shear strain ( sγ ) 
as shown in Equation B-11. 

 

s
x cx x

s
y cy y

s
xy cxy xy

ε ε ε

ε ε ε

γ γ γ

= +

= +

= +

 (B-11) 

The crack slip shear strain sγ  can be calculated by using crack slip ( sδ ) and average crack 
spacing ( s ), which are illustrated in Figure B-3. 

 s
s s

δγ =  (B-12) 

 
Figure B-3 Illustration of crack slip on a membrane element [Wong and Vecchio (2002)] 
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The components ( s
xε , s

yε , s
xyγ ) of crack slip shear strain ( sγ ) can be calculated using Mohr’s 

circle: 

 

( )

( )

( )

1 sin 2
2

1 sin 2
2

cos 2

s
x s

s
y s

s
xy s

ε γ θ

ε γ θ

γ γ θ

= −

=

=

 (B-13) 

The principal net concrete strains, 1cε  and 2cε , can be calculated using transformation equations: 

 ( ) ( )2 2
1 2

1 1,
2 2c c cx cy cx cy cxyε ε ε ε ε ε γ= + ± − +  (B-14) 

The orientation of the principal net concrete strains (θ ) and stresses ( σθ ) can be calculated as:  

 11 tan
2

cxy

cx cy
σ

γ
θ θ

ε ε
−
⎛ ⎞

= = ⎜ ⎟⎜ ⎟−⎝ ⎠
 (B-15) 

The orientation of the principal total strains ( εθ ) can be calculated as: 

 11 tan
2

xy

x y
ε

γ
θ

ε ε
−
⎛ ⎞

= ⎜ ⎟⎜ ⎟−⎝ ⎠
 (B-16) 

The difference between the orientation of the principal total strains and principal net concrete 
strains is equal to the rotation lag ( θ∆ ). 

 εθ θ θ∆ = −  (B-17) 

Assumption of perfect bond requires the reinforcement strains ( sxε  and syε ) be equal to the total 
strains in the corresponding directions ( xε  and yε ). 

Shear-slip relationships 

The crack slip shear strain ( sγ ) in the DSFM formulation is assumed as the larger of two slip 
shear strains ( a

sγ  and b
sγ ) calculated using two different approaches. 

The first procedure is based on the work of Walraven (1981) that determines the crack slip ( a
sδ ) 

as a function of the applied shear stress. 
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( )0.8 0.7071.8 0.234 0.20
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⎡ ⎤+ −⎣ ⎦
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where ccf  is the concrete cube strength, ciν  is the local shear at the crack, and w  is the average 
crack width. Vecchio (2000) concludes that there are two anomalies associated with using 
Equation B-18 to predict slip shear strain: 1) the equation predicts a slip shear strain of zero 
when the element is unreinforced, 0x yρ ρ= =  (see Equation B-27), and 2) the equation does not 
account for the initial crack slip that occurs before the crack surfaces engage. The second 
relationship for the slip shear strain ( b

sγ ) is used to address the cases where Equation B-18 fails. 

The calculation of b
sγ  was based on the observation that a constant rotation lag ( lθ ) existed 

between the directions of the principal total strains ( εθ ) and concrete stresses ( σθ ) [Vecchio 
(2000)]. The experimental data indicated that the lag was initiated after first cracking and was in 
the order of 5 to 10 degrees before reinforcement yielding. 

To calculate b
sγ , first, the post-cracking rotation of the principal total strain axis (∆ εθ ) is 

calculated using Equation B-19, where icθ  is the orientation of the principal stress and strain 
fields at first cracking: 

 ∆ icε εθ θ θ= −  (B-19) 

The post-cracking rotation of the principal stress field (∆ σθ ) is then related to ∆ εθ  using 
Equation B-20. 
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∆ ∆

∆
∆ ∆

l

l l

for

for
ε ε

σ
ε ε

θ θ θ
θ

θ θ θ θ

⎧ ≤⎪= ⎨
− >⎪⎩

 (B-20) 

The inclination of the principal stress field ( σθ ) is then calculated using Equation B-21 and b
sγ  is 

calculated using Equation B-22. 

 ∆icσ σθ θ θ= +  (B-21) 

 ( )cos 2 sin 2b
s xy y xσ σγ γ θ ε ε θ= + −  (B-22) 

B.2.2 Equilibrium Equations 

B.2.2.1 MCFT 

Figure B-4 shows free-body diagram of a reinforced concrete element considered in the MCFT 
formulation. Assuming that the normal and shear stresses are uniformly distributed, the 
equilibrium relationships for the average become: 
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In Equation B-23, sxρ  and syρ  are the reinforcement ratios in the x  and y  directions; xσ , yσ  
and xyτ  are the applied stresses; cxf  and cyf  are the average stresses in the concrete; and sxf  and 

syf  are the average stresses in the reinforcement. The average concrete stresses ( cxf  and cyf ) can 
be represented in terms of the average principal concrete tensile stress ( 1cf ) using Mohr’s circle: 

 
( )
( )

1

1

cot 90

tan 90
cx c cxy

cy c cxy

f f

f f
σ

σ

ν θ

ν θ

= − −

= − −
 (B-24) 

 
Figure B-4 Free body diagram of the reinforced concrete element [Wong and Vecchio 

(2002)] 

The MCFT formulation was developed using average stresses and strains in a concrete element. 
However, the formulation also considers local failures at a crack that are associated with 
reinforcement yielding and/or sliding shear. The MCFT limits the local shear stress at a crack to 
prevent a sliding shear failure and limits the average concrete tensile stress at a crack to prevent 
failures associated local yielding of reinforcement. Figure B-5 illustrates the average and local 
stresses at a crack, where scrxf  and scryf  are the local reinforcement stresses at the crack, and nxθ  
and nyθ  are the angles between the direction of average principal tensile stress and the 
reinforcement in the x  and y  directions. 
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Figure B-5 MCFT consideration of average and local stresses at a crack: a) average 

stresses, b) local stresses [Wong and Vecchio (2002)] 

Equation B-25 is derived using equilibrium of the average stresses illustrated in Figure B-5a with 
the local stresses illustrated in Figure B-5b in the direction of the average principal tensile strain 
(1). 

 ( ) ( )2 2
1 cos cosc x scrx sx nx y scry sy nyf f f f fρ θ ρ θ= − + −  (B-25) 

If the local reinforcement stresses in Equation B-25 are replaced by the yield stresses for the 
reinforcement in x  and y  directions, sxyieldf  and syyieldf , an upper limit for the average principal 
tensile stress is obtained. 

 ( ) ( )2 2
1 cos cosc x sxyield sx nx y syyield sy nyf f f f fρ θ ρ θ≤ − + −  (B-26) 

Note that, the crack surface in Figure B-5a is a principal plane and shear stresses do not exist on 
this plane. However, the MCFT assumes that shear stresses may exist on this plane when 
considered locally because of the reinforcement crossing the crack at a skewed angle as shown in 
Figure B-5b. Equation B-27 is obtained using equilibrium of the average stresses illustrated in 
Figure B-5a with the local stresses illustrated in Figure B-5b in the direction of the average 
principal compressive strain (axis 2). 

 ( ) ( )cos sin cos sinci x scrx sx nx nx y scry sy ny nyf f f fν ρ θ θ ρ θ θ= − + −  (B-27) 

The MCFT limits the shear stress on a crack based on the research of Walraven (1981) on 
aggregate interlock mechanisms, which is presented Equation B-28. The upper shear stress limit 
presented in Equation B-28 increases with increasing aggregate size ( a ) and decreases with 
increasing crack width ( w ). 
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The average crack width ( w ) is calculated using Equations B-29 and B-30 where 1cε  is the 
principle concrete tensile strain, sθ is the average crack spacing perpendicular to the direction of 
the crack, and mxs  and mys  are the crack spacing characteristics associated with reinforcement in 
the x  and y  directions, respectively. 

 1cw sθε=  (B-29) 

 1
cos sin

mx my

s

s s

θ θ θ=
+

 (B-30) 

B.2.2.2 DSFM 

The equilibrium equations for the MCFT formulation are also valid for the DSFM formulation 
with one exception. The DSFM formulation explicitly includes slip deformations and therefore 
does not require the crack-shear check of the MCFT formulation, which is presented in Equation 
B-28. 

B.2.3 Constitutive relationships 

The original constitutive models for cracked concrete are developed using the results of 30 
experiments on reinforced concrete panels, which were subjected to various in-plane strain states 
[Vecchio and Collins (1982)]. The results of these experiments showed that compressive stress-
strain relationship for cracked concrete is a function of the coexisting principal tensile strains 
( 1cε ), which is also known as compression-softening. Accordingly, the behavior of cracked 
concrete in compression is represented by modifying a uniaxial compressive stress-strain 
relationship with a softening parameter ( dβ ). Equation B-31 presents a principal compressive 
stress – strain ( 2 2c cf ε− ) relationship for cracked concrete using the Hognestad parabola for the 
uniaxial compressive response of concrete. The softening parameter in Equation B-31 is 
presented explicitly in Equation B-32 and is that proposed by Vecchio and Collins (1986). 

 ( ) ( )2
2 2 0 2 02 / /c d c c cf fβ ε ε ε ε⎡ ⎤′= −⎣ ⎦  (B-31) 
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VecTor2 includes various models to represent the uniaxial compressive response of concrete 
[i.e., Smith and Young (1956), Popovics (1973), Park et al. (1982), Mander et al. (1988)]. In 
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addition to the softening model presented in Equation B-32, the softening models included in 
VecTor2 are those of Vecchio and Collins (1982, 1993). The original compression-softening 
models have been modified over the time as new experimental data has become available. 

The behavior of concrete in tension is assumed linear elastic before initiation of cracking. 
Therefore, for a given uniaxial tensile stress ( tf ′ ) and modulus of elasticity ( cE ), the strain at 
cracking ( crε ) can be calculated using 

 /cr t cf Eε ′=  (B-33) 

The default relationship to calculate tf ′  in VecTor2 is that of Equation B-34, but a user-specified 
value can also be used. 

 0.33 (in MPa) or 4 (in psi)t c t cf f f f′ ′ ′ ′= =  (B-34) 

Following the formation of a crack, the average principal tensile stress-strain relationship 
(tension-stiffening curve) was empirically defined using the following relationship [Vecchio and 
Collins (1982)]: 

 1
1

; 200
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t
c t

t c

ff c
c ε
′

= =
+

 (B-35) 

The tc  variable in Equation B-35 determines the rate at which the tensile stress diminishes. 
Tension-stiffening, which refers to development of tensile stress in concrete between cracks, is a 
result of bond between the reinforcement and the concrete. 

Other tension-stiffening models included in VecTor2 are similar in formulation to that of 
Equation B-35. Based on the results of experiments on shell structures, Collins and Mitchell 
(1987) concluded that a value of 500tc =  was more appropriate for large-scale elements. Bentz 
(2005) proposed the following empirical relationship to estimate tc : 

 3.6
Σ

c
t

b

Ac
dπ

=  (B-36) 

where cA  is the area of concrete section and bdπΣ  is sum of the circumference of the bars in the 
concrete section. The tension-stiffening model proposed by Bentz (2005) is function of 

/c bA dπΣ , which is related to bond. Equation B-36 assumes that the tensile stresses in concrete 
after cracking will be higher for members that are detailed with reinforcement that is densely 
spaced using small diameters bars than for members detailed with an equivalent area of 
reinforcement but with larger diameter bars at a larger spacing. 

A bilinear stress-strain relationship without strain-hardening was originally used in the MCFT 
formulation to represent steel reinforcement, but VecTor2 includes a trilinear curve as shown in 
Figure B-6 to include strain-hardening, where yf  and uf  are the yield and ultimate stress, yε  and 



 

B-12

uε  are the corresponding strains, shε  is the strain at the onset of strain hardening, and sE  and 

shE  are the modulus of elasticity and modulus for strain hardening, respectively. 

Note that the constitutive relationships presented for concrete and steel are generally valid for 
both formulations. In some cases, some minor modifications may be required for the DSFM 
formulation [Vecchio (2000)]. 

B.2.4 Supplemental Models in VecTor2 

The MCFT and DSFM formulations form the basis of reinforced concrete analysis using 
VecTor2. However, the code includes other models that are needed to simulate the response of 
reinforced concrete structures but not addressed within the core of the MCFT and DSFM 
formulations. Examples of these models are tension-softening, consideration of confinement 
effects, bond-slip mechanisms, hysteretic response of concrete and reinforcement, and 
reinforcement buckling and dowel resistance mechanisms. Detailed discussion on these models 
are presented in Wong and Vecchio (2002). 

 
Figure B-6 Reinforcement stress-strain relationship [Wong and Vecchio (2002)] 
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Appendix C – Damage Data for Reinforced Concrete 
Squat Walls 

Sections C.1 through C.3 of this appendix present damage data for squat walls with rectangular, 
barbell and flanged cross-sections, respectively. The damage data is presented in tabular form. 
Reported load-displacement/drift relationships and images of damage are presented. The 
reported load-displacement relationships include a drift value (presented in a rectangular box) to 
help the reader identify the relationship between displacement and drift for that wall. The 
damage states for the two supplemental criteria (see Section 8.4.4) are denoted as SC1 and SC2, 
respectively, and the method of repair for SC1 and SC2 is denoted as 4* throughout the appendix. 

C.1 Walls with Rectangular Cross-Sections 

C.1.1 Lefas et al. (1990) Walls 

Lefas et al. (1990) tested 13 walls; seven (SW11 through SW17) were categorized as Type I and 
six (SW21 through SW26) were categorized as Type II walls. The major difference between the 
Type I and Type II walls was aspect ratio. Type I walls had an aspect ratio of 1.0 and Type II 
walls had an aspect ratio of 2.0. One wall (SW25) tested by Lefas is excluded from the analysis 
presented herein because Lefas noted that the wall failed prematurely due to experimental error. 

All Lefas walls failed in the compression toe. The author states that the lateral strength for the 
specimens started to degrade as the integrity of concrete in the compression toe was 
compromised [Lefas et al. (1990), page 30]. Therefore, drifts at peak shear strength are used 
herein to identify Damage State 3.1. The typical wall condition at the end of tests for Lefas Type 
I and Type II walls are presented in Figure C-1 and Figure C-2, respectively. The damaged 
region requiring partial wall replacement in these figures is marked using a dashed rectangular 
box. Figure C-1 and Figure C-2 reveal that the damage in the Lefas walls at the end of the tests 
do not trigger wall replacement. In addition, Lefas and Kotsovos (1990) successfully repaired 
some of the tested walls using partial wall replacement (in the compression toe) and epoxy 
injection. Therefore, no data for MoR-4 was sought for Lefas walls. The two supplemental 
criteria are not applicable here since the walls were tested under monotonic loading and the load-
displacement relationships were reported up to peak shear strength only. 
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Figure C-1 Typical condition of Lefas Type I walls at the end of a test [Lefas et al. (1990)] 

 
Figure C-2 Typical condition of Lefas Type II walls at the end of a test [Lefas et al. (1990)] 
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Table C-1 Evaluation of damage data for walls SW11 through SW17 tested by Lefas 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.05 
1 

1.3 0.24 
2a 2.3 0.48 

SW11 

3 3.1 1.10 

The drifts for these damage states are provided by 
the researcher. 

1.2 0.03 
1 

1.3 0.17 
2a 2.3 0.39 

SW12 

3 3.1 1.18 

The drifts for these damage states are provided by 
the researcher. 

1.2 0.05 
1 

1.3 0.19 
2a 2.3 0.51 

SW13 

3 3.1 1.18 

The drifts for these damage states are provided by 
the researcher. 

1.2 0.05 
1 

1.3 0.24 
2a 2.3 0.52 

SW14 

3 3.1 1.49 

The drifts for these damage states are provided by 
the researcher. 

1.2 0.04 
1 

1.3 0.17 
2a 2.3 0.39 

SW15 

3 3.1 1.07 

The drifts for these damage states are provided by 
the researcher. 

1.2 0.05 
1 

1.3 0.19 
2a 2.3 0.33 

SW16 

3 3.1 0.77 

The drifts for these damage states are provided by 
the researcher. 

1.2 0.05 
1 

1.3 0.28 
2a 2.3 0.52 

SW17 

3 3.1 1.43 

The drifts for these damage states are provided by 
the researcher. 
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Table C-2 Evaluation of damage data for walls SW21, SW22, SW23, SW24 and SW26 
tested by Lefas 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.02 
1 

1.3 0.45 
2a 2.3 0.45 

SW21 

3 3.1 1.59 

The drifts for these damage states are provided by 
the researcher. 

1.2 0.03 
1 

1.3 0.38 
2a 2.3 0.38 

SW22 

3 3.1 1.18 

The drifts for these damage states are provided by 
the researcher. 

1.2 0.04 
1 

1.3 0.40 
2a 2.3 0.40 

SW23 

3 3.1 1.01 

The drifts for these damage states are provided by 
the researcher. 

1.2 0.02 
1 

1.3 0.48 
2a 2.3 0.48 

SW24 

3 3.1 1.39 

The drifts for these damage states are provided by 
the researcher. 

1.2 0.03 
1 

1.3 0.42 
2a 2.3 0.42 

SW26 

3 3.1 1.61 

The drifts for these damage states are provided by 
the researcher. 
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C.1.2 Maier and Thürlimann (1985) Walls 

C.1.2.1 Wall S4 

Table C-3 Evaluation of damage data for wall S4 tested by Maier 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.05 
2.2 0.59 
2.3 0.45 2a 
2.5a 0.51 

2b 2.5b 0.76 

The drifts for these damage states are provided by 
the researcher. 

3 3.1 0.78 

The image reported at this drift (Figure C-8) shows 
damage that can be repaired by partial wall
replacement (MoR-3). The damaged region 
requiring partial wall replacement is identified 
using a dashed box in Figure C-8. 

S4 

4 N/A N/A The damage observed at the end of the test does 
not require wall replacement (see Figure C-9). 

 
Figure C-3 Load-drift relationship for wall S4 
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Figure C-4 Condition of wall S4 at 0.17% drift [Maier and Thürlimann (1985)] 

 
Figure C-5 Condition of wall S4 at 0.25% drift [Maier and Thürlimann (1985)] 
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Figure C-6 Condition of wall S4 at 0.35% drift [Maier and Thürlimann (1985)] 

 
Figure C-7 Condition of wall S4 at 0.50% drift [Maier and Thürlimann (1985)] 
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Figure C-8 Condition of wall S4 at 0.78% drift [Maier and Thürlimann (1985)] 

 
Figure C-9 Condition of wall S4 at 1.55% drift [Maier and Thürlimann (1985)] 
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C.1.2.2 Wall S9 

Table C-4 Evaluation of damage data for wall S9 tested by Maier 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.07 
2.2 0.76 
2.3 0.52 2a 
2.5a 0.54 

The drifts for these damage states are provided by 
the researcher. 

S9 

4 4.2 1.22 
The image reported at this drift (Figure C-13) 
shows a wide diagonal crack that is associated with 
a diagonal tension failure. 

 
Figure C-10 Load-drift relationship for wall S9 
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Figure C-11 Condition of wall S9 at 0.25% drift [Maier and Thürlimann (1985)] 

 
Figure C-12 Condition of wall S9 at 0.52% drift [Maier and Thürlimann (1985)] 
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Figure C-13 Condition of wall S9 at 1.22% drift [Maier and Thürlimann (1985)] 
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C.1.3 Synge (1980) Wall 

C.1.3.1 Wall 1 

Table C-5 Evaluation of damage data for wall 1 tested by Synge 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.1 0.03 
2.2 0.17 
2.3 0.17 2a 
2.5a 0.34 

2b 2.5b 0.34 

The drifts for these damage states are provided by 
the researcher. 

3.1 0.69 

The image reported at this drift (Figure C-16) 
shows damage that can be repaired by partial wall
replacement (MoR-3). The damaged region 
requiring partial wall replacement is identified 
using a dashed box in Figure C-16. 

3 

3.4 1.06 The drift for this damage state is provided by the 
researcher. 

4 4.1 1.33 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.33 

The data point is obtained from the 3rd quadrant of 
the load-displacement relationship (see Figure 
C-14). The same transient drift in the 1st quadrant 
yields a residual drift of slightly less than 1.0%. 

Wall 1 

4* 

SC2 1.29 

The data point is obtained from the 3rd quadrant of 
the load-displacement relationship (see Figure 
C-14). A data point cannot be established in the 1st

quadrant. 
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Figure C-14 Load-displacement relationship for wall 1 [Synge (1980)] 

 
Figure C-15 Condition of wall 1 at 0.34% drift [Synge (1980)] 

+1.0% 

-1.0% 
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Figure C-16 Condition of wall 1 at 0.69% drift [Synge (1980)] 

 
Figure C-17 Condition of wall 1 at 1.33% drift [Synge (1980)] 
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C.1.4 Pilakoutas (1991) Walls 

C.1.4.1 Wall SW4 

Table C-6 Evaluation of damage data for wall SW4 tested by Pilakoutas 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.08 
2a 2.3 0.50 

The drifts for these damage states are reported by 
the researcher. 

3 3.1 1.33 

The image reported at this drift (Figure C-22) 
shows damage that can be repaired by partial wall
replacement (MoR-3). The damaged region 
requiring partial wall replacement is identified 
using dashed boxes in Figure C-22.  

SW4 

4 4.3 1.83 The images reported at this drift (Figure C-23 and 
Figure C-24) show widespread crushing. 

 
 

 

 
Figure C-18 Load-displacement relationship for wall SW4 [Pilakoutas (1991)] 

 

+2.08%



 

C-16

 
Figure C-19 Condition of SW4 at 0.17% drift [Pilakoutas (1991)] 

 
Figure C-20 Condition of SW4 at 0.33% drift [Pilakoutas (1991)] 
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Figure C-21 Condition of SW4 at 0.67% drift [Pilakoutas (1991)] 

 
Figure C-22 Condition of SW4 at 1.33% drift [Pilakoutas (1991)] 
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Figure C-23 Condition of SW4 at 1.83% drift [Pilakoutas (1991)] 

 
Figure C-24 Condition of SW4 at 1.83% drift (additional cycles at the same drift level) 

[Pilakoutas (1991)] 
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C.1.4.2 Wall SW5 

Table C-7 Evaluation of damage data for wall SW5 tested by Pilakoutas 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.08 The drift for this damage state is reported by the 
researcher. 

2a 2.1 0.67 

The researcher reported a drift of 0.83% for this 
damage state. However, this value is judged to be 
too high for MoR-2a based on the cracking pattern 
presented in Figure C-28 in which the formation of 
major diagonal cracks that led to failure of the wall 
can be observed. Therefore, a drift value of 0.67% 
is used for this damage state in lieu of 0.83% that 
is reported by the researcher. 

SW5 

4 4.2 0.83 

Based on the researcher’s description of damage at 
this drift: “On attempting to achieve MDL-10 in 
the reverse direction, abrupt failure occurred at a 
load of about 110 kN. At this stage two of the main 
web cracks opened up significantly.” [Pilakoutas 
(1991), page 106]. The image presented at this drift 
(Figure C-29) also supports this observation. 

 
Figure C-25 The load-displacement relationship for wall SW5 [Pilakoutas (1991)] 

+0.83%
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Figure C-26 Condition of SW5 at 0.17% drift [Pilakoutas (1991)] 

 
Figure C-27 Condition of SW5 at 0.33% drift [Pilakoutas (1991)] 
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Figure C-28 Condition of SW5 at 0.67% drift [Pilakoutas (1991)] 

 
Figure C-29 Condition of SW5 at 0.83% drift [Pilakoutas (1991)] 
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Figure C-30 Condition of SW5 at 1.17% drift [Pilakoutas (1991)] 

 
Figure C-31 Condition of SW5 at 1.71% drift [Pilakoutas (1991)] 
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C.1.4.3 Wall SW6 

Table C-8 Evaluation of damage data for wall SW6 tested by Pilakoutas 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.08 
2a 2.3 0.50 

The drifts for these damage states are reported by 
the researcher. 

3 3.1 1.33 

The image reported at this drift (Figure C-36) 
shows damage that can be repaired by partial wall
replacement (MoR-3). Although not clear in the 
figure, the web compression toes were also 
damaged at this drift as reported by the researcher 
[Pilakoutas (1991), page 110]. The damaged region 
requiring wall replacement is identified using 
dashed boxes in Figure C-36. 

SW6 

4 4.3 1.83 The image reported at this drift (Figure C-38) 
shows widespread crushing. 

 
Figure C-32 Load-displacement relationship for wall SW6 [Pilakoutas (1991)] 

+1.50%
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Figure C-33 Condition of wall SW6 at 0.17% drift [Pilakoutas (1991)] 

 
Figure C-34 Condition of wall SW6 at 0.33% drift [Pilakoutas (1991)] 
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Figure C-35 Condition of wall SW6 at 0.67% drift [Pilakoutas (1991)] 

 
Figure C-36 Condition of wall SW6 at 1.33% drift [Pilakoutas (1991)] 
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Figure C-37 Condition of wall SW6 at 1.50% drift [Pilakoutas (1991)] 

 
Figure C-38 Condition of wall SW6 at 1.83% drift [Pilakoutas (1991)] 
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C.1.4.4 Wall SW7 

Table C-9 Evaluation of damage data for wall SW7 tested by Pilakoutas 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.08 

2a 2.3 0.67 SW7 

4 4.4 1.83 

The drifts for these damage states are provided by 
the researcher. The drift associated with MoR-4 is 
specified as 1.83% based on a horizontal rebar 
fracture (DS4.4). The image reported at this drift 
(Figure C-44) supports this conclusion. 

 

 
Figure C-39 The load-displacement relationship for wall SW7 [Pilakoutas (1991)] 

+1.50% 
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Figure C-40 Condition of wall SW7 at 0.17% drift [Pilakoutas (1991)] 

 
Figure C-41 Condition of wall SW7 at 0.33% drift [Pilakoutas (1991)] 
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Figure C-42 Condition of wall SW7 at 0.67% drift [Pilakoutas (1991)] 

 
Figure C-43 Condition of wall SW7 at 1.17% drift [Pilakoutas (1991)] 
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Figure C-44 Condition of wall SW7 at 1.83% drift [Pilakoutas (1991)] 
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C.1.4.5 Wall SW8 

Table C-10 Evaluation of damage data for wall SW8 tested by Pilakoutas 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.08 
2a 2.3 0.44 

The drifts for these damage states are reported by 
the researcher. 

3 3.1 1.50 

Based on the researcher’s description of damage at 
this drift: “Spalling of the concrete on the inside of 
the boundary elements indicated the degradation of 
concrete at that location. At this stage, vertical 
cracks which appeared by MDL-14 at the bottom 
end main reinforcement were also visible.” 
[Pilakoutas (1991), page 118]. The damaged region 
requiring partial wall replacement is identified 
using dashed boxes in Figure C-50. 

SW8 

4 4.3 2.17 The image reported at this drift (Figure C-51) 
shows widespread crushing. 

 
Figure C-45 Load-displacement relationship for wall SW8 [Pilakoutas (1991)] 

+1.25% 
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Figure C-46 Condition of wall SW8 at 0.17% drift [Pilakoutas (1991)] 

 
Figure C-47 Condition of wall SW8 at 0.33% drift [Pilakoutas (1991)] 
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Figure C-48 Condition of wall SW8 at 0.50% drift [Pilakoutas (1991)] 

 
Figure C-49 Condition of wall SW8 at 1.00% drift [Pilakoutas (1991)] 
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Figure C-50 Condition of wall SW8 at 1.50% drift [Pilakoutas (1991)] 

 
Figure C-51 Condition of wall SW8 at 2.17% drift [Pilakoutas (1991)] 
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C.1.4.6 Wall SW9 

Table C-11 Evaluation of damage data for wall SW9 tested by Pilakoutas 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.08 
2a 2.3 0.42 

The drifts for these damage states are provided by 
the researcher. 

3 3.1 1.50 

Based on the researcher’s description of damage at 
this drift: “Spalling of concrete in the web at the 
intersections of main cracks was only confined to 
the lower quarter of the wall.” [Pilakoutas (1991), 
page 122]. The damaged region requiring partial 
wall replacement is identified using dashed boxes 
in Figure C-57. 

SW9 

4 4.3 2.17 The image reported at this drift (Figure C-58) 
shows widespread crushing. 

 
Figure C-52 Load-displacement relationship for wall SW9 [Pilakoutas (1991)] 

+1.67% 
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Figure C-53 Condition of wall SW9 at 0.17% drift [Pilakoutas (1991)] 

 
Figure C-54 Condition of wall SW9 at 0.33% drift [Pilakoutas (1991)] 
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Figure C-55 Condition of wall SW9 at 0.50% drift [Pilakoutas (1991)] 

 
Figure C-56 Condition of wall SW9 at 1.17% drift [Pilakoutas (1991)] 
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Figure C-57 Condition of wall SW9 at 1.50% drift [Pilakoutas (1991)] 

 
Figure C-58 Condition of wall SW9 at 2.17% drift [Pilakoutas (1991)] 
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C.1.5 Massone (2006) Walls 

C.1.5.1 Wall WP111-9 

Table C-12 Evaluation of damage data for wall WP111-9 tested by Massone 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.20 
2.1 0.40 
2.3 0.40 2a 
2.4a 0.40 

2b 2.4b 0.40 

The drifts for these damage states are provided by 
the researcher. 

WP111-9 

4 4.2 0.60 

Based on the researcher’s description of damage at 
this drift: “In Test 5, the diagonal crack from 
corner to corner widened, sliding along the crack 
was observed, and lateral strength degraded to near 
zero (for positive loading).” [Massone (2006), page 
171]. 

 
Figure C-59 Load-displacement relationship for wall WP111-9 [Massone (2006)] 
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C.1.5.1.1 Wall WP111-10 

Table C-13 Evaluation of damage data for wall WP111-10 tested by Massone 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.20 
2.1 0.40 
2.3 0.40 2a 
2.4a 0.40 

2b 2.4b 0.40 

The drifts for these damage states are provided by 
the researcher. 

WP111-10 

4 4.2 0.95 
The reported load-drift relationship (Figure C-60) 
indicates a sudden loss of shear strength at this 
drift. 

 
Figure C-60 Load-displacement relationship for wall WP111-10 [Massone (2006)] 
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C.1.5.2 Wall WP1105-8 

Table C-14 Evaluation of damage data for wall WP1105-8 tested by Massone 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.20 
2.1 0.30 
2.3 0.30 2a 
2.4a 0.30 

2b 2.4b 0.60 

The drifts for these damage states are provided by 
the researcher. 

WP1105-8 

4 4.2 0.80 

Based on the researcher’s description of damage at 
this drift: “…lateral strength degradation is 
observed for the first positive cycle due to a 
combination of concrete crushing at the mid-height 
at the center of the wall and widening of primary 
diagonal cracks.” [Massone (2006), page 178]. In 
addition, the reported load-drift relationship 
(Figure C-61) indicates a sudden loss of shear 
strength at this drift. 

 
Figure C-61 Load-displacement relationship for wall WP1105-8 [Massone (2006)] 
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C.1.5.2.1 Wall WP1105-7 

Table C-15 Evaluation of damage data for wall WP1105-7 tested by Massone 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.20 
2.1 0.60 
2.3 0.30 2a 
2.4a 0.30 

2b 2.4b 0.60 

The drifts for these damage states are provided by 
the researcher. 

WP1105-7 

4 4.2 0.80 

Based on the researcher’s description of damage at 
this drift: “…primary crack widened, sliding was 
observed along the diagonal crack plane, reducing 
the lateral strength for negative loading to zero.” 
[Massone (2006), page 178]. In addition, the 
reported load-drift relationship (Figure C-62) 
indicates a sudden loss of shear strength at this 
drift. 

 
Figure C-62 Load-displacement relationship for wall WP1105-7 [Massone (2006)] 
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C.1.5.2.2 Wall WP110-5 

Table C-16 Evaluation of damage data for wall WP110-5 tested by Massone 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

2.1 0.40 
2.3 0.20 2a 
2.4a 0.40 

2b 2.4b 0.60 
WP110-5 

4 4.5 0.80 

The drifts for these damage states are provided by 
the researcher. 

 
Figure C-63 Load-displacement relationship for wall WP110-5 [Massone (2006)] 
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C.1.5.3 Wall WP110-6 

Table C-17 Evaluation of damage data for wall WP110-6 tested by Massone 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

2.1 0.30 
2.3 0.30 2a 
2.4a 0.40 

2b 2.4b 0.60 
WP110-6 

4 4.5 0.80 

The drifts for these damage states are provided by 
the researcher. 

 
Figure C-64 Load-displacement relationship for wall WP110-6 [Massone (2006)] 
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C.1.6 Greifenhagen et al. (2005) Walls 

C.1.6.1 Wall M1 

Table C-18 Evaluation of damage data for wall M1 tested by Greifenhagen 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.06 
1 

1.4 0.12 
2a 2.5a 0.30 
2b 2.5b 0.30 
3 3.4 0.82 

4.1 1.47 
4 

4.4 2.70 

The drifts for these damage states are provided by 
the researcher. The researcher reported that the 
wall failed by sliding shear and the so 
supplemental criteria are invoked to obtain a drift 
associated with DS4.1. 

SC1 1.47 
The smaller of the two drifts is obtained from the 
1st quadrant of the load-displacement relationship 
(see Figure C-65, red circle). 

M1 

4* 

SC2 3.47 
The smaller of the two drifts is obtained from the 
3rd quadrant of the load-displacement relationship 
(see Figure C-65). 

 
Figure C-65 Load-displacement relationship for wall M1 [Greifenhagen et al. (2005)] 

+1.0%

-1.0%
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Figure C-66 Condition of wall M1 at 0.57% drift [Greifenhagen et al. (2005)] 

 
Figure C-67 Condition of wall M1 at -0.58% drift [Greifenhagen et al. (2005)] 
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Figure C-68 Condition of wall M1 at 1.47% drift [Greifenhagen et al. (2005)] 

 
Figure C-69 Condition of wall M1 at -2.70% drift [Greifenhagen et al. (2005)] 
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Figure C-70 Condition of wall M1 at -2.70% drift (2nd cycle) [Greifenhagen et al. (2005)] 

 
Figure C-71 Condition of wall M1 at 4.19% drift [Greifenhagen et al. (2005)] 
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Figure C-72 Condition of wall M1 at -3.95% drift [Greifenhagen et al. (2005)] 
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C.1.6.2 Wall M2 

Table C-19 Evaluation of damage data for wall M2 tested by Greifenhagen 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

2a 2.5a 0.07 

2b 2.5b 0.27 

3.1 0.82 

3.3 0.82 3 

3.4 0.58 

The drifts for these damage states are provided by 
the researcher. Drifts for DS3.1 and 3.3 are based 
on the researcher’s description of damage at the 
corresponding drifts: “…the concrete cover spalled 
on the front face in zone H due to buckling of 
vertical rebars.” [Greifenhagen et al. (2005), page 
42]. 

4 4.1 1.37 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.37 

The smaller of the two drifts is obtained from the 
1st quadrant of the load-displacement relationship 
(see Figure C-73, red circle). The corresponding 
residual drift is slightly less than 1.0%. 

M2 

4* 

SC2 N/A 
The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV  (see 
Figure C-73). 

 
Figure C-73 Load-displacement relationship for wall M2 [Greifenhagen et al. (2005)] 

-1.0%

+1.0%
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Figure C-74 Condition of wall M2 at -0.49% drift [Greifenhagen et al. (2005)] 

 
Figure C-75 Condition of wall M2 at 0.97% drift [Greifenhagen et al. (2005)] 
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Figure C-76 Condition of wall M2 at -1.02% drift [Greifenhagen et al. (2005)] 

 
Figure C-77 Condition of wall M2 at 1.98% drift [Greifenhagen et al. (2005)] 
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Figure C-78 Condition of wall M2 at -2.00% drift [Greifenhagen et al. (2005)] 

 
Figure C-79 Condition of wall M2 at 2.52% drift [Greifenhagen et al. (2005)] 
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C.1.6.3 Wall M3 

Table C-20 Evaluation of damage data for wall M3 tested by Greifenhagen 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.05 
1 

1.4 0.20 

2a 2.5a 0.33 

2b 2.5b 0.52 

3.1 1.11 

3.3 1.11 3 

3.4 0.78 

The drifts for these damage states are provided by 
the researcher. Drifts for DS3.1 and 3.3 are based 
on the researcher’s description of damage at the 
corresponding drifts: “…the concrete cover 
disintegrated due to the buckling of the outermost 
rebars in zone H.” [Greifenhagen et al. (2005), 
page 53]. The damaged region associated with 
DS3.4 is identified using a dashed box in Figure 
C-83. The damaged regions associated with DS3.1 
and DS3.3 are identified using dashed boxes in 
Figure C-84. 

M3 

4 4.2 1.63 
The researcher associated wall failure with
diagonal crack formation at this drift level
[Greifenhagen et al. (2005), page 53]. 

 
Figure C-80 Load-displacement relationship for wall M3 [Greifenhagen et al. (2005)] 

+1.0%

-1.0%
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Figure C-81 Condition of wall M3 at 0.33% drift [Greifenhagen et al. (2005)] 

 
Figure C-82 Condition of wall M3 at -0.61% drift (2nd cycle) [Greifenhagen et al. (2005)] 
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Figure C-83 Condition of wall M3 at 0.78% drift [Greifenhagen et al. (2005)] 

 
Figure C-84 Condition of wall M3 at -1.11% drift [Greifenhagen et al. (2005)] 
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Figure C-85 Condition of wall M3 at 1.63% drift [Greifenhagen et al. (2005)] 

 
Figure C-86 Condition of wall M3 at -1.94% drift [Greifenhagen et al. (2005)] 
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C.1.6.4 Wall M4 

Table C-21 Evaluation of damage data for wall M4 tested by Greifenhagen 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.01 
1 

1.4 0.13 
2a 2.5a 0.24 
2b 2.5b 0.34 

3.1 0.58 
3.3 0.83 3 
3.4 0.79 

The drifts for these damage states are provided by 
the researcher. The drift associated with DS3.1 is 
based on the researcher’s description of damage at 
this drift: “Small inclined and vertical cracks of 
length about 20 to 30 mm formed in bottom part of 
zone H when it was subjected to compression in 
LS 57. Furthermore, the cover concrete started to 
spall in this part of the specimen.” [Greifenhagen 
et al. (2005), page 63]. 

4 4.1 1.48 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.48 
The smaller of the two drifts is obtained from the 
1st quadrant of the load-drift relationship (see 
Figure C-87, red circle).  

M4 

4* 

SC2 2.03 

The data point is obtained from the 3rd quadrant of 
the load-displacement relationship (see Figure 
C-87). A data point cannot be established in the 1st

quadrant. 

 
Figure C-87 The load-displacement relationship for wall M4 [Greifenhagen et al. (2005)] 

+1.0%

-1.0%
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Figure C-88 Condition of wall M4 at 0.20% drift [Greifenhagen et al. (2005)] 

 
Figure C-89 Condition of wall M4 at -0.48% drift [Greifenhagen et al. (2005)] 



 

C-60

 
Figure C-90 Condition of wall M4 at 1.12% drift [Greifenhagen et al. (2005)] 

 
Figure C-91 Condition of wall M4 at -1.11% drift [Greifenhagen et al. (2005)] 
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Figure C-92 Condition of wall M4 at 1.81% drift [Greifenhagen et al. (2005)] 

 
Figure C-93 Condition of wall M4 at -2.05% drift [Greifenhagen et al. (2005)] 
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Figure C-94 Condition of wall M4 at 1.97% drift [Greifenhagen et al. (2005)] 

 
Figure C-95 Condition of wall M4 at -2.05% drift (2nd cycle) [Greifenhagen et al. (2005)] 
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C.1.7 Lopes and Elnashai (1991) Walls 

C.1.7.1 Wall SW11 

Table C-22 Evaluation of damage data for wall SW11 tested by Lopes 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.3 0.12 
1 

1.4 0.38 
2a 2.4a 0.79 
2b 2.4b 0.95 

The drifts for these damage states are provided by 
the researcher. 

SW11 

4 4.5 1.33 

The reported width of the major diagonal crack 
was 1.50 mm and 2.90 mm at 1.05% and 1.31% 
drift, respectively. No other crack data were
reported at drifts greater than 1.31%. Therefore, a
drift associated with DS4.5 (shear crack width = 
3.0 mm) is calculated using extrapolation. 

 
Figure C-96 Load-displacement relationship for wall SW11 [Lopes and Elnashai (1991)] 

1.0%
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Figure C-97 Condition of wall SW11 at 0.13% drift [Lopes and Elnashai (1991)] 

 
Figure C-98 Condition of wall SW11 at 0.28% drift [Lopes and Elnashai (1991)] 
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Figure C-99 Condition of wall SW11 at 0.53% drift [Lopes and Elnashai (1991)] 

 
Figure C-100 Condition of wall SW11 at 1.05% drift [Lopes and Elnashai (1991)] 
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Figure C-101 Condition of wall SW11 at 1.31% drift [Lopes and Elnashai (1991)] 

 
Figure C-102 Condition of wall SW11 at 1.62% drift [Lopes and Elnashai (1991)] 
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C.1.7.2 Wall SW12 

Table C-23 Evaluation of damage data for wall SW12 tested by Lopes 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.12 
1.3 0.12 1 
1.4 0.34 

2a 2.4a 0.51 
2b 2.4b 0.65 

SW12 

4 4.5 0.97 

The drifts for these damage states are provided by 
the researcher. 

 
Figure C-103 Load-displacement relationship for wall SW12 [Lopes and Elnashai (1991)] 

-1.0%
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Figure C-104 Condition of wall SW12 at 0.16% drift [Lopes and Elnashai (1991)] 

 
Figure C-105 Condition of wall SW12 at 0.34% drift [Lopes and Elnashai (1991)] 
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Figure C-106 Condition of wall SW12 at 0.55% drift [Lopes and Elnashai (1991)] 

 
Figure C-107 Condition of wall SW12 at 0.65% drift [Lopes and Elnashai (1991)] 
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Figure C-108 Condition of wall SW12 at 0.81% drift [Lopes and Elnashai (1991)] 

 
Figure C-109 Condition of wall SW12 at 0.97% drift [Lopes and Elnashai (1991)] 
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C.1.7.3 Wall SW13 

Table C-24 Evaluation of damage data for wall SW13 tested by Lopes 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.3 0.12 
1 

1.4 0.85 
2.3 0.43 

2a 
2.4a 1.01 

The drifts for these damage states are provided by 
the researcher. 

3 3.1 0.97 

The image reported at this drift (Figure C-115) 
shows damage that can be repaired by partial wall
replacement (MoR-3). The damaged region 
requiring partial wall replacement is identified 
using dashed boxes in Figure C-115. 

SW13 

4 4.3 1.72 The image reported at this drift (Figure C-118) 
shows widespread crushing. 

 
Figure C-110 Load-displacement relationship for wall SW13 [Lopes and Elnashai (1991)] 
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Figure C-111 Condition of wall SW13 at 0.16% drift [Lopes and Elnashai (1991)] 

 
Figure C-112 Condition of wall SW13 at 0.36% drift [Lopes and Elnashai (1991)] 
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Figure C-113 Condition of wall SW13 at 0.48% drift [Lopes and Elnashai (1991)] 

 
Figure C-114 Condition of wall SW13 at 0.65% drift [Lopes and Elnashai (1991)] 
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Figure C-115 Condition of wall SW13 at 0.97% drift [Lopes and Elnashai (1991)] 

 
Figure C-116 Condition of wall SW13 at 1.33% drift [Lopes and Elnashai (1991)] 
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Figure C-117 Condition of wall SW13 at 1.45% drift [Lopes and Elnashai (1991)] 

 
Figure C-118 Condition of wall SW13 at 1.72% drift [Lopes and Elnashai (1991)] 



 

C-76

C.1.7.4 Wall SW14 

Table C-25 Evaluation of damage data for wall SW14 tested by Lopes 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.4 0.67 
2a 2.4a 0.83 
2b 2.4b 0.97 

The drifts for these damage states are provided by 
the researcher. 

3 3.1 0.81 

The image reported at this drift (Figure C-123) 
shows damage that can be repaired by partial wall
replacement (MoR-3). The damaged region 
requiring partial wall replacement is identified 
using dashed boxes in Figure C-123. 

SW14 

4 4.3 1.13 The image reported at this drift (Figure C-125) 
shows widespread crushing. 

 
Figure C-119 Load-displacement relationship for wall SW14 [Lopes and Elnashai (1991)] 
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Figure C-120 Condition of wall SW14 at 0.16% drift [Lopes and Elnashai (1991)] 

 
Figure C-121 Condition of wall SW14 at 0.48% drift [Lopes and Elnashai (1991)] 
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Figure C-122 Condition of wall SW14 at 0.65% drift [Lopes and Elnashai (1991)] 

 
Figure C-123 Condition of wall SW14 at 0.81% drift [Lopes and Elnashai (1991)] 
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Figure C-124 Condition of wall SW14 at 0.97% drift [Lopes and Elnashai (1991)] 

 
Figure C-125 Condition of wall SW14 at 1.13% drift [Lopes and Elnashai (1991)] 
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Figure C-126 Condition of wall SW14 at 1.29% drift [Lopes and Elnashai (1991)] 

 
Figure C-127 Condition of wall SW14 at 1.45% drift [Lopes and Elnashai (1991)] 
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C.1.7.5 Wall SW15 

Table C-26 Evaluation of damage data for wall SW15 tested by Lopes 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.11 
1.3 0.15 1 
1.4 0.32 
2.3 0.39 

2a 
2.4a 0.48 

2b 2.4b 0.48 

The drifts for these damage states are provided by 
the researcher. 

SW15 

4 4.2 0.65 

Based on the researcher’s description of damage at 
this drift: “Upon reloading in the opposite 
direction, a loud noise was heard and sudden and 
considerable loss of load carrying capacity was 
registered.” [Lopes and Elnashai (1991), page 
178]. 

 
Figure C-128 Load-displacement relationship for wall SW15 [Lopes and Elnashai (1991)] 

-0.81% 
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Figure C-129 Condition of wall SW15 at 0.16% drift [Lopes and Elnashai (1991)] 

 
Figure C-130 Condition of wall SW15 at 0.32% drift [Lopes and Elnashai (1991)] 
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Figure C-131 Condition of wall SW15 at 0.48% drift [Lopes and Elnashai (1991)] 

 
Figure C-132 Condition of wall SW15 at 0.65% drift [Lopes and Elnashai (1991)] 
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Figure C-133 Condition of wall SW15 at 0.81% drift [Lopes and Elnashai (1991)] 
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C.1.7.6 Wall SW16 

Table C-27 Evaluation of damage data for wall SW16 tested by Lopes 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.4 0.16 
2a 2.4a 0.32 
2b 2.4b 0.65 

The drifts for these damage states are provided by 
the researcher. 

4.3 1.17 The image reported at this drift (Figure C-140) 
shows widespread crushing. 

SW16 

4 
4.5 0.97 The drift for this damage state is reported by the 

researcher. 

 
Figure C-134 Load-displacement relationship for wall SW16 [Lopes and Elnashai (1991)] 
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Figure C-135 Condition of wall SW16 at 0.16% drift [Lopes and Elnashai (1991)] 

 
Figure C-136 Condition of wall SW16 at 0.32% drift [Lopes and Elnashai (1991)] 
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Figure C-137 Condition of wall SW16 at 0.51% drift [Lopes and Elnashai (1991)] 

 
Figure C-138 Condition of wall SW16 at 0.65% drift [Lopes and Elnashai (1991)] 
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Figure C-139 Condition of wall SW16 at 0.81% drift [Lopes and Elnashai (1991)] 

 
Figure C-140 Condition of wall SW16 at 1.17% drift [Lopes and Elnashai (1991)] 
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Figure C-141 Condition of wall SW16 at 1.37% drift [Lopes and Elnashai (1991)] 

 
Figure C-142 Condition of wall SW16 at 1.62% drift [Lopes and Elnashai (1991)] 
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C.1.7.7 Wall SW17 

Table C-28 Evaluation of damage data for wall SW17 tested by Lopes 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.4 0.34 
2a 2.4a 0.51 
2b 2.4b 0.65 

The drifts for these damage states are provided by 
the researcher. 

3 3.1 0.65 

The image reported at this drift (Figure C-146) 
shows damage that can be repaired by partial wall
replacement (MoR-3). The damaged region 
requiring partial wall replacement is identified 
using a dashed box in Figure C-146. 

4.3 1.13 The image reported at this drift (Figure C-149) 
shows widespread crushing. 

SW17 

4 
4.5 0.97 The drift for this damage state is reported by the 

researcher. 

 
Figure C-143 Load-displacement relationship for wall SW17 [Lopes and Elnashai (1991)] 
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+1.0%
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Figure C-144 Condition of wall SW17 at 0.16% drift [Lopes and Elnashai (1991)] 

 
Figure C-145 Condition of wall SW17 at 0.48% drift [Lopes and Elnashai (1991)] 
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Figure C-146 Condition of wall SW17 at 0.65% drift [Lopes and Elnashai (1991)] 

 
Figure C-147 Condition of wall SW17 at 0.81% drift [Lopes and Elnashai (1991)] 
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Figure C-148 Condition of wall SW17 at 0.97% drift [Lopes and Elnashai (1991)] 

 
Figure C-149 Condition of wall SW17 at 1.13% drift [Lopes and Elnashai (1991)] 
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Figure C-150 Condition of wall SW17 at 1.45% drift [Lopes and Elnashai (1991)] 

 
Figure C-151 Condition of wall SW17 at 1.62% drift [Lopes and Elnashai (1991)] 
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C.1.8 Wiradinata (1985) Walls 

C.1.8.1 Wall 1 

Table C-29 Evaluation of damage data for wall 1 tested by Wiradinata 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.18 
2.1 0.52 
2.2 0.25 2a 
2.3 1.02 

The drifts for these damage states are provided by 
the researcher. 
 

3.1 1.07 

The image reported at this drift (Figure C-155) 
shows damage that can be repaired by partial wall 
replacement (MoR-3). The damaged region 
requiring partial wall replacement is identified 
using dashed boxes in Figure C-155. 

3 

3.4 1.07 

Wall 1 

4 4.5 1.56 
The drifts for these damage states are provided by 
the researcher. 

 
Figure C-152 Load-displacement relationship for wall 1 [Wiradinata (1985)] 
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Figure C-153 Condition of wall 1 at 0.25% drift [Wiradinata (1985)] 

 
Figure C-154 Condition of wall 1 at 0.52% drift [Wiradinata (1985)] 
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Figure C-155 Condition of wall 1 at 1.07% drift [Wiradinata (1985)] 

 
Figure C-156 Condition of wall 1 at 1.56% drift [Wiradinata (1985)] 
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Figure C-157 Condition of wall 1 at 2.00% drift [Wiradinata (1985)] 

 
Figure C-158 Condition of wall 1 at 2.00% drift (after the 3rd cycle at this drift level) 

[Wiradinata (1985)] 
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C.1.8.2 Wall 2 

Table C-30 Evaluation of damage data for wall 2 tested by Wiradinata 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.09 
2.1 1.00 
2.2 0.68 2a 
2.3 0.68 

The drifts for these damage states are provided by 
the researcher. 

4 4.1 1.48 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.48 

The smaller of the two drifts is obtained from the 
1st quadrant of the load-displacement relationship 
(see Figure C-159). Note that, first exceedance of 
1.0% residual drift limit corresponds to a peak 
transient drift of 2.24% with a residual drift of 
1.77%. Therefore, linear interpolation is done to 
get the peak transient drift corresponding to a 
residual drift of 1.0%. 

Wall 2 

4* 

SC2 N/A 
The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV (see 
Figure C-159). 
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Figure C-159 Load-displacement relationship for wall 2 [Wiradinata (1985)] 

 
Figure C-160 Condition of wall 2 at 0.53% drift [Wiradinata (1985)] 
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Figure C-161 Condition of wall 2 at 1.0% drift [Wiradinata (1985)] 

 
Figure C-162 Condition of wall 2 at 4.58% drift [Wiradinata (1985)] 
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C.1.8.3 Pilette (1987) Walls 

C.1.8.4 Wall 4 

Table C-31 Evaluation of damage data for wall 4 tested by Pilette 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.16 
1 

1.3 0.16 
2.3 0.50 

2a 
2.5a 0.40 

2b 2.5b 0.80 

The drifts for these damage states are provided by 
the researcher. 

4 4.1 1.60 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.60 The same drift is obtained from both quadrants 
(see Figure C-163, red circles). 

Wall 4 

4* 
SC2 N/A 

The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV  (see 
Figure C-163). 

 
Figure C-163 The load-displacement relationship for wall 4 [Pilette (1987)] 
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C.1.8.4.1 Wall 5 

Table C-32 Evaluation of damage data for wall 5 tested by Pilette 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.08 
2.3 0.57 

2a 
2.5a 0.68 

2b 2.5b 0.68 

The drifts for these damage states are provided by 
the researcher. 

4 4.1 1.14 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.14 

The smaller of the two drifts is obtained from the 
1st quadrant of the load-displacement relationship 
(see Figure C-164, red circle). The corresponding
residual drift is slightly less than 1.0%. 

Wall 5 

4* 

SC2 3.63 
The smaller of the two drifts is obtained from the 
3rd quadrant of the load-displacement relationship 
(see Figure C-164). 

 
Figure C-164 Load-displacement relationship for wall 5 [Pilette (1987)] 
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C.1.9 Mohammadi-Doostdar (1994) Walls 

C.1.9.1 Wall 7 

Table C-33 Evaluation of damage data for wall 7 tested by Mohammadi-Doostdar 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.07 
2a 2.3 0.33 

The drifts for these damage states are provided by 
the researcher. 

3 3.1 1.02 

Based on the researcher’s description of damage at 
this drift: “The concrete cover at the west end was 
badly damaged near the foundation and started to 
crush…” [Mohammadi-Doostdar (1994), page 50].
The damaged region requiring partial wall 
replacement is identified using a dashed box in
Figure C-168. 

4.1 1.68 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 4 

4.3 2.34 An image reported at this drift (Figure C-172) 
shows widespread crushing. 

SC1 1.68 
The smaller of the two drifts is obtained from the 
1st quadrant of the load-displacement relationship 
(see Figure C-165, red circle). 

Wall 7 

4* 

SC2 N/A 
The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV  (see 
Figure C-165). 
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Figure C-165 Load-displacement relationship for wall 7 [Mohammadi-Doostdar (1994)] 

 
Figure C-166 Condition of wall 7 at -0.37% drift [Mohammadi-Doostdar (1994)] 
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Figure C-167 Condition of wall 7 at 0.61% drift [Mohammadi-Doostdar (1994)] 

 
Figure C-168 Condition of wall 7 at -1.02% drift [Mohammadi-Doostdar (1994)] 
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Figure C-169 Condition of wall 7 at 1.34% drift [Mohammadi-Doostdar (1994)] 

 
Figure C-170 Condition of wall 7 at -1.64% drift [Mohammadi-Doostdar (1994)] 
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Figure C-171 Condition of wall 7 at -1.98% drift [Mohammadi-Doostdar (1994)] 

 
Figure C-172 Condition of wall 7 at 2.34% drift [Mohammadi-Doostdar (1994)] 
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Figure C-173 Condition of wall 7 at 4.03% drift [Mohammadi-Doostdar (1994)] 
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C.1.9.2 Wall 8 

Table C-34 Evaluation of damage data for wall 8 tested by Mohammadi-Doostdar 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.14 The drift for this damage state is provided by the 
researcher. 

3 3.1 1.46 

Based on the researcher’s description of damage at 
this drift: “…the concrete cover at the west end 
was badly damaged near the foundation and started 
to crush…” [Mohammadi-Doostdar (1994), page 
54]. The damaged region requiring partial wall 
replacement is identified using dashed boxes in 
Figure C-176. 

4.1 1.46 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 4 

4.4 2.47 The drift for this damage state is provided by the 
researcher. 

SC1 1.46 
The smaller of the two drifts is obtained from the 
3rd quadrant of the load-displacement relationship 
(see Figure C-174, red circle). 

Wall 8 

4* 

SC2 N/A 
The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV (see 
Figure C-174). 
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Figure C-174 Load-displacement relationship for wall 8 [Mohammadi-Doostdar (1994)] 

 
Figure C-175 Condition of wall 8 at -0.48% drift [Mohammadi-Doostdar (1994)] 
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Figure C-176 Condition of wall 8 at -1.46% drift [Mohammadi-Doostdar (1994)] 

 
Figure C-177 Condition of wall 8 at -1.95% drift [Mohammadi-Doostdar (1994)] 
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Figure C-178 Condition of wall 8 at 2.47% drift [Mohammadi-Doostdar (1994)] 

 
Figure C-179 Condition of wall 8 at -3.36% drift [Mohammadi-Doostdar (1994)] 
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C.1.10 Salonikios et al. (1999) Walls 

C.1.10.1 Wall LSW3 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

4 4.1 1.43 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.43 

The data point is obtained from the 3rd quadrant of 
the load-displacement relationship (see Figure 
C-180, red circle). A data point cannot be 
established in the 1st quadrant. 

LSW3 

4* 

SC2 N/A 
The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV  (see 
Figure C-180). 

Table C-35 Evaluation of damage data for wall LSW3 tested by Salonikios 

 
Figure C-180 Load-displacement relationship for wall LSW3 [Salonikios et al. (1999)] 
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Figure C-181 Condition of wall LSW3 at the end of the test (maximum drift = 1.43%) 

[Salonikios et al. (1999)] 
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C.1.10.2 Wall MSW1 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

4 4.1 1.53 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.53 

The data point is obtained from the 3rd quadrant of 
the load-displacement relationship (see Figure 
C-182, red circle). The corresponding residual drift 
is slightly less than 1.0%. A data point cannot be 
established in the 1st quadrant. 

MSW1 

4* 

SC2 N/A 
The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV (see 
Figure C-182). 

Table C-36 Evaluation of damage data for wall MSW1 tested by Salonikios 

 
Figure C-182 Load-displacement relationship for wall MSW1 [Salonikios et al. (1999)] 
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Figure C-183 Condition of wall MSW1 at the end of the test (maximum drift = 1.53%) 

[Salonikios et al. (1999)] 
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C.1.10.3 Wall MSW3 

Table C-37 Evaluation of damage data for wall MSW3 tested by Salonikios 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

4 4.1 1.47 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.47 

The data point is obtained from the 3rd quadrant of 
the load-displacement relationship (see Figure 
C-184, red circle). The corresponding residual drift 
is slightly less than 1.0%. A data point cannot be 
established in the 1st quadrant. 

MSW3 

4* 

SC2 N/A 
The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV (see 
Figure C-184). 

 
Figure C-184 Load-displacement relationship for wall MSW3 [Salonikios et al. (1999)] 
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Figure C-185 Condition of wall MSW3 at the end of the test (maximum drift = 1.47%) 

[Salonikios et al. (1999)] 
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C.1.10.4 Wall MSW6 

Table C-38 Evaluation of damage data for wall MSW6 tested by Salonikios 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

4 4.1 1.57 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.57 
The smaller of the two drifts is obtained from the 
3rd quadrant of the load-displacement relationship 
(see Figure C-186, red circle). 

MSW6 

4* 

SC2 N/A 
The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV (see 
Figure C-186). 

 
Figure C-186 Load-displacement relationship for wall MSW6 [Salonikios et al. (1999)] 
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Figure C-187 Condition of wall MSW6 at the end of the test (maximum drift = 1.57%) 

[Salonikios et al. (1999)] 
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C.1.11 Hidalgo et al. (1998) Walls 

C.1.11.1 Specimen 23 

Table C-39 Evaluation of damage data for Specimen 23 tested by Hidalgo 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

Specimen
23 4 4.2 0.61 

The image reported at this drift (Figure C-189) 
shows major diagonal cracks that can be associated 
with diagonal tension failure. 

 

 

 
Figure C-188 Load-displacement relationship for Specimen 23 [Hidalgo et al. (2002)] 
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Figure C-189 Progression of damage for Specimen 23 [Hidalgo et al. (2001)] 



 

C-124

C.1.11.2 Specimen 27 

Table C-40 Evaluation of damage data for Specimen 27 tested by Hidalgo 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

Specimen
27 4 4.2 1.14 

The image reported at this drift (Figure C-191) 
shows major diagonal cracks that can be associated 
with diagonal tension failure. 

 

 

 
Figure C-190 Load-displacement relationship for Specimen 27 [Hidalgo et al. (2002)] 
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Figure C-191 Progression of damage for Specimen 27 [Hidalgo et al. (2001)] 
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C.1.12 Xie and Xiao (2000) Wall 

C.1.12.1 Wall W1-A 

Table C-41 Evaluation of damage data for W1-A tested by Xie 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.02 
1 

1.3 0.07 
The drifts for these damage states are provided by 
the researcher. 

3 3.1 1.00 

Based on the researcher’s description of damage at 
this drift: “The concrete crushing was more severe 
at the lower left corner than at the lower right 
corner…” [Xie and Xiao (2000), page 71]. 

4 4.2 1.80 
The reported failure mode for the wall was 
diagonal tension. The drift associated with wall 
replacement is calculated using SC2. 

W1-A 

4* SC2 1.80 
The smaller of the two drifts is obtained from the 
1st quadrant of the load-drift relationship (see 
Figure C-192). 

 
Figure C-192 Load-displacement relationship for wall W1-A [Xie and Xiao (2000)] 
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C.2 Walls with Barbell Cross-Sections 

C.2.1 Chiba Walls [AIJ (1985b)] 

C.2.1.1 Wall No.1 (CW-0.6-1.2-20) 

Table C-42 Evaluation of damage data for wall No.1 tested by Chiba 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.03 
2a 2.4a 0.69 

The drifts for these damage states are provided by 
the researcher. 

No.1 
4 4.3 0.91 The image reported at this drift (Figure C-194) 

shows widespread crushing. 

 
Figure C-193 Load-displacement relationship for wall No.1 (CW-0.6-1.2-20) [AIJ (1985b)] 

 
Figure C-194 Condition of wall No.1 at 0.91% drift [AIJ (1985b)] 

+0.95% 
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C.2.1.2 Wall No.2 (CW-0.6-0.6-20) 

Table C-43 Evaluation of damage data for wall No.2 tested by Chiba 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.04 
2a 2.4a 0.43 

The drifts for these damage states are provided by 
the researcher. 

No.2 
4 4.3 0.46 The image reported at this drift (Figure C-196) 

shows widespread crushing. 

 
Figure C-195 Load-displacement relationship for wall No.2 (CW-0.6-0.6-20) [AIJ (1985b)] 

 
Figure C-196 Condition of wall No.2 at 0.46% drift [AIJ (1985b)] 

+0.95% 



 

C-129

C.2.1.3 Wall No.3 (CW-0.6-0.8-20) 

Table C-44 Evaluation of damage data for wall No.3 tested by Chiba 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.04 
2a 2.4a 0.34 
2b 2.4b 0.64 

The drifts for these damage states are provided by 
the researcher. 

No.3 

4 4.3 0.91 The image reported at this drift (Figure C-198) 
shows widespread crushing. 

 
Figure C-197 Load-displacement relationship for wall No.3 (CW-0.6-0.8-20) [AIJ (1985b)] 

 
Figure C-198 Condition of wall No.3 at 0.91% drift [AIJ (1985b)] 

+0.95% 
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C.2.1.4 Wall No.4 (CW-0.6-1.6-20) 

Table C-45 Evaluation of damage data for wall No.4 tested by Chiba 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.06 The drift for this damage state is provided by the 
researcher. No.4 

4 4.3 0.91 The image reported at this drift (Figure C-200) 
shows widespread crushing. 

 
Figure C-199 Load-displacement relationship for wall No.4 (CW-0.6-1.6-20) [AIJ (1985b)] 

 
Figure C-200 Condition of wall No.4 at 0.91% drift [AIJ (1985b)] 

+0.95%
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C.2.1.5 Wall No.5 (CW-0.6-2.0-20) 

Table C-46 Evaluation of damage data for wall No.5 tested by Chiba 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.04 The drift for this damage state is provided by the 
researcher. No.5 

4 4.3 0.91 The image reported at this drift (Figure C-202) 
shows widespread crushing. 

 
Figure C-201 Load-displacement relationship for wall No.5 (CW-0.6-2.0-20) [AIJ (1985b)] 

 
Figure C-202 Condition of wall No.5 at 0.91% drift [AIJ (1985b)] 

+0.95% 
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C.2.1.6 Wall No.6 (CW-0.6-1.2-40) 

Table C-47 Evaluation of damage data for wall No.6 tested by Chiba 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.03 The drift for this damage state is provided by the 
researcher. No.6 

4 4.3 0.69 The image reported at this drift (Figure C-204) 
shows widespread crushing. 

 
Figure C-203 Load-displacement relationship for wall No.6 (CW-0.6-1.2-40) [AIJ (1985b)] 

 
Figure C-204 Condition of wall No.6 at 0.69% drift [AIJ (1985b)] 

+0.95% 



 

C-133

C.2.1.7 Wall No.7 (CW-0.4-1.2-20) 

Table C-48 Evaluation of damage data for wall No.7 tested by Chiba 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.04 The drift for this damage state is provided by the 
researcher. No.7 

4 4.3 0.74 The image reported at this drift (Figure C-206) 
shows widespread crushing. 

 
Figure C-205 Load-displacement relationship for wall No.7 (CW-0.4-1.2-20) [AIJ (1985b)] 

 
Figure C-206 Condition of wall No.7 at 0.74% drift [AIJ (1985b)] 

+1.53% 
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C.2.1.8 Wall No.8 (CW-0.8-1.2-20) 

Table C-49 Evaluation of damage data for wall No.8 tested by Chiba 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.03 The drift for this damage state is provided by the 
researcher. No.8 

4 4.3 0.88 The image reported at this drift (Figure C-208) 
shows widespread crushing. 

 
Figure C-207 Load-displacement relationship for wall No.8 (CW-0.8-1.2-20) [AIJ (1985b)] 

 
Figure C-208 Condition of wall No.8 at 0.88% drift [AIJ (1985b)] 

+0.69% 
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C.2.2 Fukuzawa Walls [AIJ (1985a)] 

C.2.2.1 Wall No.1 (CW-0.6-0-20) 

Table C-50 Evaluation of damage data for wall No.1 tested by Fukuzawa 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.11 
1 

1.3 0.05 
2a 2.3 0.29 
3 3.1 0.26 

The drifts for these damage states are provided by 
the researcher. 

No.1 

4 4.3 0.91 The image reported at this drift (Figure C-210) 
shows widespread crushing. 

 
Figure C-209 Load-displacement relationship for wall No.1 (CW-0.6-0-20) [AIJ (1985a)] 

+0.95% 
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Figure C-210 Condition of wall No.1 at 0.91% drift [AIJ (1985a)] 

 

 

 
Figure C-211 Condition of wall No.1 at the end of testing (after 3 cycles at 0.91%) [AIJ 

(1985a)] 
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C.2.2.2 Wall No.2 (CW-0.6-0.3-20) 

Table C-51 Evaluation of damage data for wall No.2 tested by Fukuzawa 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.12 
1 

1.3 0.03 
2.1 0.12 
2.2 0.10 2a 
2.3 0.34 

3 3.1 0.29 

The drifts for these damage states are provided by 
the researcher. 

No.2 

4 4.3 0.91 The image reported at this drift (Figure C-213) 
shows widespread crushing. 

 
Figure C-212 Load-displacement relationship for wall No.2 (CW-0.6-0.3-20) [AIJ (1985a)] 

+0.95% 
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Figure C-213 Condition of wall No.2 at 0.91% drift [AIJ (1985a)] 
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C.2.2.3 Wall No.3 (CW-0.6-2.4-20) 

Table C-52 Evaluation of damage data for wall No.3 tested by Fukuzawa 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.03 
1 

1.3 0.02 
2.1 0.88 

2a 
2.3 0.54 

3 3.1 0.46 
4.1 0.83 

The drifts for these damage states are provided by 
the researcher. The reported drift at sliding failure 
(shaded) is excluded from the fragility analysis 
because herein drift associated with sliding failure 
is calculated using the supplemental wall 
replacement criteria. No data associated with 
DS4.1 is registered since none could be obtained 
using the supplemental criteria. 

4 
4.3 0.91 The image reported at this drift (Figure C-215) 

shows widespread crushing. 

SC1 N/A The residual drifts did not exceed 1.0% (Figure 
C-214). 

No.3 

4* 
SC2 N/A 

The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV  (see 
Figure C-214). 

 
Figure C-214 Load-displacement relationship for wall No.3 (CW-0.6-2.4-20) [AIJ (1985a)] 

+0.95% 
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Figure C-215 Condition of wall No.3 at 0.91% drift [AIJ (1985a)] 
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C.2.2.4 Wall No.4 (CW-0.6-2.8-20) 

Table C-53 Evaluation of damage data for wall No.4 tested by Fukuzawa 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.11 
1 

1.3 0.05 
2a 2.3 0.80 

The drifts for these damage states are provided by 
the researcher. 

3 3.1 0.69 

The image reported at this drift (Figure C-220) 
shows damage that can be repaired by partial wall 
replacement (MoR-3). The damaged region 
requiring partial wall replacement is identified 
using dashed boxes in Figure C-220. An author-
reported drift for this damage state (0.43%) is 
excluded from the fragility analysis. 

4.1 0.86 

The reported drift at sliding failure (shaded) is 
excluded from the fragility analysis because herein 
drift associated with sliding failure is calculated 
using the supplemental wall replacement criteria. 
No data associated with DS4.1 is registered since 
none could be obtained using the supplemental 
criteria. 

4 

4.3 0.91 The image reported at this drift (Figure C-221) 
shows widespread crushing. 

SC1 N/A The residual drifts did not exceed 1.0% (Figure 
C-216). 

No.4 

4* 
SC2 N/A 

The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV  (see 
Figure C-216). 
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Figure C-216 Load-displacement relationship for wall No.4 (CW-0.6-2.8-20) [AIJ (1985a)] 

 
Figure C-217 Condition of wall No.4 at 0.11% drift [AIJ (1985a)] 

+0.95% 
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Figure C-218 Condition of wall No.4 at 0.23% drift [AIJ (1985a)] 

 
Figure C-219 Condition of wall No.4 at 0.46% drift [AIJ (1985a)] 

 
Figure C-220 Condition of wall No.4 at 0.69% drift [AIJ (1985a)] 
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Figure C-221 Condition of wall No.4 at 0.91% drift [AIJ (1985a)] 

 

 

 
Figure C-222 Condition of wall No.4 at the end of testing (after 3 cycles at 0.91%) [AIJ 

(1985a)] 
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C.2.2.5 Wall No.5 (CW-0.6-0-0) 

Table C-54 Evaluation of damage data for wall No.5 tested by Fukuzawa 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.04 
1 

1.3 0.03 
2a 2.3 0.26 
3 3.1 0.68 

The drifts for these damage states are provided by 
the researcher. 

No.5 

4 4.3 0.91 The image reported at this drift (Figure C-224) 
shows widespread crushing. 

 
Figure C-223 Load-displacement relationship for wall No.5 (CW-0.6-0-0) [AIJ (1985a)] 

+0.95% 
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Figure C-224 Condition of wall No.5 at 0.91% drift [AIJ (1985a)] 
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C.2.2.6 Wall No.6 (CW-0.6-0-40) 

Table C-55 Evaluation of damage data for wall No.6 tested by Fukuzawa 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.05 
1 

1.3 0.03 

2a 2.3 0.37 

3 3.1 0.11 

4.1 0.63 

The drifts for these damage states are provided by 
the researcher. The reported drift at sliding failure 
(shaded) is excluded from the fragility analysis 
because herein drift associated with sliding failure 
is calculated using the supplemental wall 
replacement criteria. No data associated with 
DS4.1 is registered since none could be obtained 
using the supplemental criteria. 

4 
4.3 0.69 The image reported at this drift (Figure C-226) 

shows widespread crushing. 

SC1 N/A The residual drifts did not exceed 1.0% (Figure 
C-225). 

No.6 

4* 
SC2 N/A 

The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV (see 
Figure C-225). 

 
Figure C-225 Load-displacement relationship for wall No.6 (CW-0.6-0-40) [AIJ (1985a)] 

+0.95%
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Figure C-226 Condition of wall No.6 at 0.69% drift [AIJ (1985a)] 
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C.2.2.7 Wall No.7 (CW-0.6-0.6-0) 

Table C-56 Evaluation of damage data for wall No.7 tested by Fukuzawa 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.04 
1 

1.3 0.02 
2.1 0.46 
2.2 0.32 2a 
2.3 0.22 

3 3.1 0.22 

The drifts for these damage states are provided by 
the researcher. 

No.7 

4 4.3 0.91 The image reported at this drift (Figure C-228) 
shows widespread crushing. 

 
Figure C-227 Load-displacement relationship for wall No.7 (CW-0.6-0.6-0) [AIJ (1985a)] 

+0.95% 
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Figure C-228 Condition of wall No.7 at 0.91% drift [AIJ (1985a)] 
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C.2.2.8 Wall No.8 (CW-0.6-0.6-40) 

Table C-57 Evaluation of damage data for wall No.8 tested by Fukuzawa 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.05 
1 

1.3 0.03 
2.1 0.54 
2.2 0.57 2a 
2.3 0.38 

3 3.1 0.23 
4.1 0.68 

The drifts for these damage states are provided by 
the researcher. The reported drift at sliding failure 
(shaded) is excluded from the fragility analysis 
because herein drift associated with sliding failure 
is calculated using the supplemental wall 
replacement criteria. No data associated with 
DS4.1 is registered since none could be obtained 
using the supplemental criteria. 

4 
4.3 0.69 The image reported at this drift (Figure C-230) 

shows widespread crushing. 

SC1 N/A The residual drifts did not exceed 1.0% (Figure 
C-229). 

No.8 

4* 
SC2 N/A 

The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV  (see 
Figure C-229). 

 
Figure C-229 Load-displacement relationship for wall No.8 (CW-0.6-0.6-40) [AIJ (1985a)] 

+0.95% 
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Figure C-230 Condition of wall No.8 at 0.69% drift [AIJ (1985a)] 
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C.2.2.9 Wall No.9 (CW-0.4-0.6-20) 

Table C-58 Evaluation of damage data for wall No.9 tested by Fukuzawa 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.07 
1 

1.3 0.03 
2.1 0.60 
2.2 0.24 2a 
2.3 0.28 

3 3.1 0.28 
4.1 0.83 

The drifts for these damage states are provided by 
the researcher. The reported drift at sliding failure 
(DS4.1) is excluded from the fragility analysis 
because herein drift associated with sliding failure 
is calculated using the supplemental wall 
replacement criteria. No data associated with 
DS4.1 is registered since none could be obtained 
using the supplemental criteria. 

4 
4.3 0.98 The image reported at this drift (Figure C-232) 

shows widespread crushing. 

SC1 N/A The residual drifts did not exceed 1.0% (Figure 
C-231). 

No.9 

4* 
SC2 N/A 

The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV (see 
Figure C-231). 

 
Figure C-231 Load-displacement relationship for wall No.9 (CW-0.4-0.6-20) [AIJ (1985a)] 

+1.15% 
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Figure C-232 Condition of wall No.9 at 0.98% drift [AIJ (1985a)] 
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C.2.2.10 No.10 (CW-0.8-0.6-20) 

Table C-59 Evaluation of damage data for wall No.10 tested by Fukuzawa 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.05 
1 

1.3 0.02 
2.1 0.39 
2.2 0.22 2a 
2.3 0.29 

3 3.1 0.31 
4.1 0.94 

The drifts for these damage states are provided by 
the researcher. The reported drift at sliding failure 
(shaded) is excluded from the fragility analysis 
because herein drift associated with sliding failure 
is calculated using the supplemental wall 
replacement criteria. No data associated with 
DS4.1 is registered since none could be obtained 
using the supplemental criteria. 

4 
4.3 1.32 The image reported at this drift (Figure C-234) 

shows widespread crushing. 

SC1 N/A The residual drifts did not exceed 1.0% (Figure 
C-233). 

No.10 

4* 
SC2 N/A 

The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV (see 
Figure C-233). 

 
Figure C-233 Load-displacement relationship for wall No.10 (CW-0.8-0.6-20) [AIJ (1985a)] 

+1.03% 
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Figure C-234 Condition of wall No.10 at 1.32% drift [AIJ (1985a)] 
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C.2.2.11 Wall No.11 (CW-0.4-2.0-20) 

Table C-60 Evaluation of damage data for wall No.11 tested by Fukuzawa 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.08 
1 

1.3 0.03 
2a 2.3 0.65 
3 3.1 0.45 

The drifts for these damage states are provided by 
the researcher. 

No.11 

4 4.3 0.74 The image reported at this drift (Figure C-236) 
shows widespread crushing. 

 
Figure C-235 Load-displacement relationship for wall No.11 (CW-0.4-2.0-20) [AIJ (1985a)] 

+0.96% 
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Figure C-236 Condition of wall No.11 at 0.74% drift [AIJ (1985a)] 
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C.2.2.12 Wall No.12 (CW-0.8-2.0-20) 

Table C-61 Evaluation of damage data for wall No.12 tested by Fukuzawa 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.05 
1 

1.3 0.02 
2.1 0.72 
2.2 0.74 2a 
2.3 0.43 

3 3.1 0.37 
4.1 0.83 

The drifts for these damage states are provided by 
the researcher. The reported drift at sliding failure 
(shaded) is excluded from the fragility analysis 
because herein drift associated with sliding failure 
is calculated using the supplemental wall 
replacement criteria. No data associated with 
DS4.1 is registered since none could be obtained 
using the supplemental criteria. 

4 
4.3 0.88 The image reported at this drift (Figure C-238) 

shows widespread crushing. 

SC1 N/A The residual drifts did not exceed 1.0% (Figure 
C-237). 

No.12 

4* 
SC2 N/A 

The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV  (see 
Figure C-237). 

 
Figure C-237 Load-displacement relationship for wall No.12 (CW-0.8-2.0-20) [AIJ (1985a)] 

+1.03% 
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Figure C-238 Condition of wall No.12 at 0.88% drift [AIJ (1985a)] 
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C.2.3 Hatori Walls [AIJ (1986b)] 

C.2.3.1 Wall No.1 (CW-0.6-2-0) 

Table C-62 Evaluation of damage data for wall No.1 tested by Hatori 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.03 The drift for this damage state is provided by the 
researcher. No.1 

4 4.3 0.91 The image reported at this drift (Figure C-240) 
shows widespread crushing. 

 
Figure C-239 Backbone curve for wall No.1 

 
Figure C-240 Condition of wall No.1 at 0.91% drift [AIJ (1986b)] 
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C.2.4 Wall No.2 (CW-0.6-2-40) 

Table C-63 Evaluation of damage data for wall No.2 tested by Hatori 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.05 The drift for this damage state is provided by the 
researcher. No.2 

4 4.3 0.91 The image reported at this drift (Figure C-242) 
shows widespread crushing. 

 
Figure C-241 Backbone curve for wall No.2 

 
Figure C-242 Condition of wall No.2 at 0.91% drift [AIJ (1986b)] 
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C.2.4.1 Wall No.3 (CW-0.6-2-20B) 

Table C-64 Evaluation of damage data for wall No.3 tested by Hatori 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.03 The drift for this damage state is provided by the 
researcher. No.3 

4 4.3 0.91 The image reported at this drift (Figure C-244) 
shows widespread crushing. 

 
Figure C-243 Backbone curve for wall No.3 

 
Figure C-244 Condition of wall No.3 at 0.91% drift [AIJ (1986b)] 
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C.2.5 Wall No.4 (CW-0.6-0.6-20L) 

Table C-65 Evaluation of damage data for wall No.4 tested by Hatori 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.03 The drift for this damage state is provided by the 
researcher. No.4 

4 4.3 0.91 The image reported at this drift (Figure C-246) 
shows widespread crushing. 

 
Figure C-245 Backbone curve for wall No.4 

 
Figure C-246 Condition of wall No.4 at 0.91% drift [AIJ (1986b)] 
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C.2.5.1 Wall No.5 (CW-0.6-1.2-20L) 

Table C-66 Evaluation of damage data for wall No.5 tested by Hatori 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.03 The drift for this damage state is provided by the 
researcher. No.5 

4 4.3 0.91 The image reported at this drift (Figure C-248) 
shows widespread crushing. 

 
Figure C-247 Backbone curve for wall No.5 

 
Figure C-248 Condition of wall No.5 at 0.91% drift [AIJ (1986b)] 
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C.2.5.2 Wall No.6 (CW-0.6-2-20L) 

Table C-67 Evaluation of damage data for wall No.6 tested by Hatori 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.03 The drift for this damage state is provided by the 
researcher. No.6 

4 4.3 0.91 The image reported at this drift (Figure C-250) 
shows widespread crushing. 

 
Figure C-249 Backbone curve for wall No.6 

 
Figure C-250 Condition of wall No.6 at 0.91% drift [AIJ (1986b)] 
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C.2.6 Yagishita Walls [AIJ (1986a)] 

C.2.6.1 No.2 (CW-0.6-0.6-20a) 

Table C-68 Evaluation of damage data for wall No.2 tested by Yagishita 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.02 
1 

1.3 0.02 
2.1 0.46 

2a 
2.3 0.33 

3 3.1 0.29 

4.1 0.52 

The drifts for these damage states are provided by 
the researcher. The reported drift at sliding failure 
(shaded) is excluded from the fragility analysis 
because herein drift at a sliding failure is 
associated with the supplemental wall replacement 
criteria. The drift obtained using the 2nd

supplemental criterion (bolded) is used to replace 
the drift reported by the researcher. 

4 
4.3 0.69 The image reported at this drift (Figure C-252) 

shows widespread crushing. 

SC1 N/A The residual drifts did not exceed 1.0% (Figure 
C-251). 

No.2 

4* 
SC2 0.77 

The smaller of the two drifts is obtained from the 
3rd quadrant of the load-displacement relationship 
(see Figure C-251). 

 
Figure C-251 Load-displacement relationship for wall No.2 (CW-0.6-0.6-20a) [AIJ (1986a)] 

+0.95% 



 

C-168

 

 

 

 

 

 

 

 
Figure C-252 Condition of wall No.2 at 0.69% drift [AIJ (1986a)] 
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C.2.6.2 No.3 (CW-0.6-0.8-20a) 

Table C-69 Evaluation of damage data for wall No.3 tested by Yagishita 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.04 
1 

1.3 0.02 
2.1 0.56 
2.2 0.23 2a 
2.3 0.38 

3 3.1 0.23 

The drifts for these damage states are provided by 
the researcher. 

No.3 

4 4.3 0.91 The image reported at this drift (Figure C-254) 
shows widespread crushing. 

 
Figure C-253 Load-displacement relationship for wall No.3 (CW-0.6-0.8-20a) [AIJ (1986a)] 

+0.95% 



 

C-170

 

 

 

 

 

 

 

 
Figure C-254 Condition of wall No.2 at 0.91% drift [AIJ (1986a)] 
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C.2.6.3 No.6 (CW-0.6-1.2-0) 

Table C-70 Evaluation of damage data for wall No.6 tested by Yagishita 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.05 
1 

1.3 0.02 
2.1 0.68 
2.2 0.34 2 
2.3 0.23 

3 3.1 0.40 
4.1 0.80 

The drifts for these damage states are provided by 
the researcher. The reported drift at sliding failure 
(shaded) is excluded from the fragility analysis 
because herein drift associated with sliding failure 
is calculated using the supplemental wall 
replacement criteria. No data associated with 
DS4.1 is registered since none could be obtained 
using the supplemental criteria. 

4 
4.3 0.91 The image reported at this drift (Figure C-256) 

shows widespread crushing. 

SC1 N/A The residual drifts did not exceed 1.0% (see Figure 
C-255). 

No.6 

4* 
SC2 N/A 

The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV (see 
Figure C-255). 

 
Figure C-255 Load-displacement relationship for wall No.6 (CW-0.6-1.2-0) [AIJ (1986a)] 

0.95% 
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Figure C-256 Condition of wall No.6 at 0.91% drift [AIJ (1986a)] 
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C.2.7 Taga Walls [AIJ (1986c)] 

C.2.7.1 Wall No.1 

Table C-71 Evaluation of damage data for wall No.1 tested by Taga 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

4 4.3 0.88 

The only damage image reported for this wall 
(Figure C-257) shows widespread crushing. 
However, the image corresponds to the condition 
of the wall at the end of the test. Therefore, SC2 is 
invoked to obtain the drift associated with DS4.3. No.1 

4* SC2 0.88 
The smaller of the two drifts is obtained from the 
3rd quadrant of the load-displacement relationship 
(see Figure C-259). 

 
Figure C-257 Condition of wall No.1 at the end of the test (maximum drift in the test = 

1.21%) [AIJ (1986c)] 
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Figure C-258 Load-displacement relationship for wall No.1 [AIJ (1986c)] 

+1.0%
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C.2.8 Wall No.2 

Table C-72 Evaluation of damage data for wall No.2 tested by Taga 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

4 4.3 1.07 

The only damage image reported for this wall 
(Figure C-259) shows widespread crushing. 
However, the image corresponds to the condition 
of the wall at the end of the test. Therefore, SC2 is 
invoked to obtain the drift associated with DS4.3. No.2 

4* SC2 1.07 

The data point is obtained from the 1st quadrant of 
the load-displacement relationship (see Figure 
C-260). A data point cannot be established in the 
3rd quadrant. 

 
Figure C-259 Condition of wall No.1 at the end of the test (maximum drift in the test = 

1.18%) [AIJ (1986c)] 
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Figure C-260 Load-displacement relationship for wall No.2 [AIJ (1986c)] 

+1.0%
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C.2.8.1 Wall No.3 

Table C-73 Evaluation of damage data for wall No.3 tested by Taga 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

4 4.3 0.93 

The only damage image reported for this wall 
(Figure C-261) shows widespread crushing. 
However, the image corresponds to the condition 
of the wall at the end of the test. Therefore, SC2 is 
invoked to obtain a drift associated with MoR-4. 
Since no data could be obtained using SC2, the 
maximum drift recorded in the test used. 

No.3 

4* SC2 N/A 
The post-peak resistance computed using the first 
cycle backbone curve did not drop to 0.5 peakV (see 
Figure C-262). 

 
Figure C-261 Condition of wall No.3 at the end of the test (maximum drift in the test = 

0.93%) [AIJ (1986c)] 
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Figure C-262 Load-displacement relationship for wall No.3 [AIJ (1986c)] 

+1.0%
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C.3 Walls with Flanges 

C.3.1 Barda (1972) Walls 

C.3.1.1 Wall B1-1 

Table C-74 Evaluation of damage data for wall B1-1 tested by Barda 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.1 0.02 
1.2 0.03 
1.3 0.07 

1 

1.4 0.36 
2.1 0.45 

2a 
2.2 0.35 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported load-
displacement relationship. 

3 3.1 0.66 

The researcher stated that crushing initiated 
following the attainment of peak shear strength 
[Barda (1972), page 38]. A photograph at peak 
shear strength was presented (Figure C-264). In 
Figure C-264, the dashed box identifies the region 
of concrete requiring replacement. Note that this 
wall was tested under monotonic loading and so 
repair quantities were doubled to recognize the 
cyclic nature of earthquake loading. 

4 4.3 N/A 

Wall B1-1 failed by crushing of the diagonal 
compression struts. However, based on the two 
damage images provided for this wall, the drift 
associated with DS4.3 could not be determined. In 
Figure C-264 (drift = 0.66%) crushing is not 
widespread whereas Figure C-265 shows gross 
damage at a drift of >8%, SC2 is invoked to seek a 
drift for DS4.3. 

B1-1 

4* SC2 N/A 
The reported load-displacement relationship 
(Figure C-263) is not complete. The drift for this 
criterion could not be determined. 
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Figure C-263 Load-drift relationship for wall B1-1 

 
Figure C-264 Condition of wall B1-1 at 0.66% drift [Barda et al. (1977)] 
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Figure C-265 Condition of wall B1-1 at the end of the test (drift > 8%) [Barda et al. (1977)] 
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C.3.1.2 Wall B2-1 

Table C-75 Evaluation of damage data for wall B2-1 tested by Barda 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.1 0.02 
1.2 0.06 
1.3 0.05 

1 

1.4 0.40 
2.1 0.26 

2a 
2.2 0.43 

The shear forces for these damage states are 
provided by the researcher. The corresponding
drifts are obtained using the reported load-
displacement relationship. 

3 3.1 0.72 

The researcher stated that crushing initiated 
following the attainment of peak shear strength 
[Barda (1972), page 40]. A photograph at peak 
shear strength was presented (Figure C-267). In 
Figure C-267, the dashed box identifies the region 
of concrete requiring replacement. Note that this 
wall was tested under monotonic loading and so 
repair quantities were doubled to recognize the 
earthquake loading is cyclic in nature. 

4 4.3 1.24 

Wall B2-1 failed by crushing of the diagonal 
compression struts. However, based on the two 
damage images provided for this wall, the drift for 
DS4.3 could not be determined. In Figure C-267
(drift = 0.72%) crushing is not widespread whereas 
Figure C-268 shows gross damage at a drift of 
>8%, SC2 is invoked to obtain a drift for DS4.3. 

B2-1 

4* SC2 1.24 See Figure C-266. 
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Figure C-266 Load-drift relationship for wall B2-1 

 
Figure C-267 Condition of wall B2-1 at 0.72% drift [Barda et al. (1977)] 
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Figure C-268 Condition of wall B2-1 at the end of the test (drift > 8%) [Barda et al. (1977)] 
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C.3.1.3 Wall B3-2 

Table C-76 Evaluation of damage data for wall B3-2 tested by Barda 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.1 0.05 
1.2 0.08 
1.3 0.08 

1 

1.4 0.29 
2a 2.2 0.23 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported load-
displacement relationship. 

3 3.1 0.59 

The researcher stated that crushing initiated 
following the attainment of peak shear strength 
[Barda (1972), page 47]. A photograph at peak 
shear strength was presented (Figure C-271). In 
Figure C-271, the dashed boxes identify the 
regions of concrete requiring replacement. 

4 4.3 1.18 

Wall B3-2 failed by crushing of the diagonal 
compression struts. However, based on the damage 
images provided for this wall, the drift for DS4.3 
could not be determined. In Figure C-271 (drift = 
0.59%) crushing is not widespread whereas Figure 
C-272 shows gross damage at a drift of >8%, SC2
is invoked to obtain a drift for DS4.3. 

B3-2 

4* SC2 1.18 
The smaller of the two drifts is obtained from the 
3rd quadrant of the load-drift relationship (see 
Figure C-269). 
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Figure C-269 Load-drift relationship for wall B3-2 

 
Figure C-270 Condition of wall B3-2 at first shear cracking (drift = 0.08%) [Barda et al. 

(1977)] 



 

C-187

 
Figure C-271 Condition of wall B3-2 at 0.59% drift [Barda et al. (1977)] 

 
Figure C-272 Condition of wall B3-2 at the end of the test (drift > 8%) [Barda et al. (1977)] 
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C.3.1.4 Wall B4-3 

Table C-77 Evaluation of damage data for wall B4-3 tested by Barda 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.1 0.01 
1.2 0.03 
1.3 0.05 

1 

1.4 0.21 
2.2 0.26 

2a 
2.4a 0.31 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported load-
displacement relationship. Note that, although wall 
B4-3 was tested under cyclic loading, only a 
backbone curve was reported by the researcher. 

3 3.1 0.58 

The researcher stated that crushing initiated 
following the attainment of peak shear strength 
[Barda (1972), page 60]. A photograph at peak 
shear strength was presented (Figure C-274). In 
Figure C-274, the dashed box identifies the region 
of concrete requiring replacement. 

4 4.3 0.99 

Wall B4-3 failed by crushing of the diagonal 
compression struts. However, based on the damage 
images provided for this wall, the drift for DS4.3 
could not be determined. In Figure C-274 (drift = 
0.58%) crushing is not widespread whereas Figure 
C-275 shows gross damage at a drift of >8%, SC2
is invoked to obtain a drift for DS4.3. 

B4-3 

4* SC2 0.99 See Figure C-273. 
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Figure C-273 Backbone curve for wall B4-3 

 
Figure C-274 Condition of wall B4-3 at 0.58% drift [Barda et al. (1977)] 
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Figure C-275 Condition of wall B4-3 at the end of the test (drift > 8%) [Barda et al. (1977)] 
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C.3.1.5 Wall B5-4 

Table C-78 Evaluation of damage data for wall B5-4 tested by Barda 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.1 0.02 
1 

1.3 0.04 

2.1 0.30 
2a 

2.4a 0.05 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported load-
displacement relationship. Note that, although wall 
B5-4 was tested under cyclic loading, only a 
backbone curve was reported by the researcher. 

3 3.1 0.68 

The researcher stated that crushing initiated 
following the attainment of peak shear strength 
[Barda (1972), page 65]. A photograph at peak 
shear strength was presented (Figure C-277). In 
Figure C-277, the dashed box identifies the region 
of concrete requiring replacement. 

4 4.3 N/A 

Wall B5-4 failed by crushing of the diagonal 
compression struts. However, based on the two 
damage images provided for this wall, the drift for 
DS4.3 could not be determined. In Figure C-277
(drift = 0.66%) crushing is not widespread whereas 
Figure C-278 shows gross damage at a drift of 
>8%, SC2 is invoked to seek a drift for DS4.3. 

B5-4 

4* SC2 N/A 
The post-peak resistance computed using the 
reported backbone curve did not drop to 0.5 peakV . 
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Figure C-276 Backbone curve for wall B5-4 

 
Figure C-277 Condition of wall B5-4 at 0.68% drift [Barda et al. (1977)] 
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Figure C-278 Condition of wall B5-4 at the end of the test (drift > 8%) [Barda et al. (1977)] 
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C.3.1.6 Wall B6-4 

Table C-79 Evaluation of damage data for wall B6-4 tested by Barda 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.1 0.02 
1.2 0.03 
1.3 0.03 

1 

1.4 0.13 
2.1 0.28 
2.2 0.28 2a 
2.4a 0.17 

2b 2.4b 0.53 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported load-
displacement relationship. Note that, although wall 
B6-4 was tested under cyclic loading, only a 
backbone curve was reported by the researcher. 

3 3.1 0.69 

The researcher stated that crushing initiated 
following the attainment of peak shear strength 
[Barda (1972), page 66]. A photograph at peak 
shear strength was reported (Figure C-280). In 
Figure C-280, the dashed box identifies the region 
of concrete requiring replacement. 

4 4.3 2.19 

Wall B6-4 failed by crushing of the diagonal 
compression struts. However, based on the two 
damage images provided for this wall, the drift for 
DS4.3 could not be determined. In Figure C-280
(drift = 0.66%) crushing is not widespread whereas 
Figure C-281 shows gross damage at a drift of 
>8%, SC2 is invoked to obtain a drift for DS4.3. 

B6-4 

4* SC2 2.19 See Figure C-279. 
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Figure C-279 Backbone curve for wall B6-4 

 
Figure C-280 Condition of wall B6-4 at 0.69% drift [Barda et al. (1977)] 
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Figure C-281 Condition of wall B6-4 at the end of the test (drift > 8%) [Barda et al. (1977)] 
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C.3.1.7 Wall B7-5 

Table C-80 Evaluation of damage data for wall B7-5 tested by Barda 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.1 0.05 
1.3 0.05 1 
1.4 0.34 
2.1 0.97 
2.2 0.29 2a 
2.4a 0.87 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported load-
displacement relationship. 

3 3.1 0.97 

A damage image reported at this drift level shows 
distress at the upper corners of the wall panel that 
require partial concrete replacement (Figure 
C-283). In Figure C-283, the dashed boxes identify 
the regions of concrete requiring replacement. 

4 4.1 0.97 

The researcher stated that slipping initiated 
following the attainment of peak shear strength 
[Barda (1972), page 73]. A damage image at peak 
shear strength was reported (Figure C-283). 
However, sliding failure is not evident in this 
figure. Therefore, the drift obtained using the 1st

supplemental criterion (bolded) is used to replace 
the drift reported by the researcher (shaded). 

SC1 1.97 
The smaller of the two drifts is obtained from the 
3rd quadrant of the load-drift relationship (see 
Figure C-282). 

B7-5 

4* 

SC2 9.10 
The data point is obtained from the 1st quadrant of 
the load-drift relationship (see Figure C-282). A 
data point cannot be established in the 3rd quadrant.
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Figure C-282 Load-drift relationship for wall B7-5 

 
Figure C-283 Condition of wall B7-5 at 0.97% drift [Barda et al. (1977)] 
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Figure C-284 Condition of wall B7-5 at the end of the test (drift > 15%) [Barda et al. 

(1977)] 
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C.3.1.8 Wall B8-5 

Table C-81 Evaluation of damage data for wall B8-5 tested by Barda 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.1 0.02 
1.3 0.02 1 
1.4 0.19 
2.1 0.11 
2.2 0.57 2a 
2.4a 0.29 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported load-
displacement relationship. 

3 3.1 0.57 

The researcher stated that crushing initiated 
following the attainment of peak shear strength 
[Barda (1972), page 75]. A photograph at peak 
shear strength was reported (Figure C-286). In 
Figure C-286, the dashed box identifies the region 
of concrete requiring replacement. 

4 4.3 1.46 

Wall B8-5 failed by crushing of the diagonal 
compression struts. However, based on the two 
damage images provided for this wall, the drift for 
DS4.3 could not be determined. In Figure C-286
(drift = 0.57%) crushing is not widespread whereas 
Figure C-287 shows gross damage at a drift of 
>4%, SC2 is invoked to obtain a drift for DS4.3. 

B8-5 

4* SC2 1.46 
The smaller of the two drifts is obtained from the 
1st quadrant of the load-drift relationship (see 
Figure C-285). 
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Figure C-285 Load-drift relationship for wall B8-5 

 
Figure C-286 Condition of wall B8-5 at 0.57% drift [Barda et al. (1977)] 
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Figure C-287 Condition of wall B8-5 at the end of the test (drift > 4%) [Barda et al. (1977)] 
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C.3.2 Palermo Walls [Palermo and Vecchio (2002)] 

C.3.2.1 Wall DP1 

Table C-82 Evaluation of damage data for wall DP1 tested by Palermo 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.14 
1.3 0.03 1 
1.4 0.35 
2.1 0.57 
2.4a 0.40 2a 
2.5a 0.40 
2.4b 0.64 

2b 
2.5b 0.54 

The drifts for these damage states are provided by 
the researcher.  

3 3.1 0.59 

The researcher reported a drift of 0.40% at 
initiation of concrete crushing at the compression 
toe of the web. Figure C-296 shows the condition 
of the wall at 0.40% drift. Based on the condition 
of extent of damage provided in this figure, it is 
concluded that the drift reported by the author is 
too small for MoR-3 since crushing is probably 
limited to a very small region. A drift of 0.59% is 
assumed for this damage state based on Figure 
C-300. In Figure C-300, the dashed boxes identify 
the regions of concrete requiring replacement. 

DP1 

4 4.3 0.64 The image reported at this drift shows widespread 
crushing (Figure C-301). 
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Figure C-288 Load-displacement relationship for wall DP1 [Palermo and Vecchio (2002)] 

 
Figure C-289 Condition of wall DP1 at 0.05% drift [Palermo and Vecchio (2002)] 

+0.79%
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Figure C-290 Condition of wall DP1 at 0.10% drift [Palermo and Vecchio (2002)] 

 
Figure C-291 Condition of wall DP1 at 0.15% drift [Palermo and Vecchio (2002)] 
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Figure C-292 Condition of wall DP1 at 0.20% drift [Palermo and Vecchio (2002)] 

 
Figure C-293 Condition of wall DP1 at 0.25% drift [Palermo and Vecchio (2002)] 
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Figure C-294 Condition of wall DP1 at 0.30% drift [Palermo and Vecchio (2002)] 

 
Figure C-295 Condition of wall DP1 at 0.35% drift [Palermo and Vecchio (2002)] 
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Figure C-296 Condition of wall DP1 at 0.40% drift [Palermo and Vecchio (2002)] 

 
Figure C-297 Condition of wall DP1 at 0.45% drift [Palermo and Vecchio (2002)] 
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Figure C-298 Condition of wall DP1 at 0.50% drift [Palermo and Vecchio (2002)] 

 
Figure C-299 Condition of wall DP1 at 0.54% drift [Palermo and Vecchio (2002)] 
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Figure C-300 Condition of wall DP1 at 0.59% drift [Palermo and Vecchio (2002)] 

 
Figure C-301 Condition of wall DP1 at 0.64% drift [Palermo and Vecchio (2002)] 
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Figure C-302 Condition of wall DP1 at 0.69% drift [Palermo and Vecchio (2002)] 

 
Figure C-303 Condition of wall DP1 at 0.74% drift [Palermo and Vecchio (2002)] 



 

C-212

C.3.2.2 Wall DP2 

Table C-83 Evaluation of damage data for wall DP2 tested by Palermo 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.06 
1.3 0.02 1 
1.4 0.25 
2.4a 0.35 

2a 
2.5a 0.30 

2b 2.5b 0.45 

The drifts for these damage states are provided by 
the researcher. 

3 3.1 0.45 

The researcher reported a drift of 0.40% at 
initiation of concrete crushing at the compression 
toe of the web. Figure C-312 shows the condition 
of the wall at 0.40% drift. Based on the condition 
of extent of damage provided in this figure, it is 
concluded that the drift reported by the author is 
too small for MoR-3 since crushing is probably 
limited to a very small region. A drift of 0.45% is 
assumed for this damage state based on Figure 
C-313. In Figure C-313, the dashed boxes identify 
the regions of concrete requiring replacement. 

DP2 

4 4.1 0.50 The image reported at this drift shows sliding 
damage (Figure C-314). 

 
Figure C-304 Load-displacement relationship for wall DP2 [Palermo and Vecchio (2002)] 

+0.69% 
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Figure C-305 Condition of wall DP2 at 0.05% drift [Palermo and Vecchio (2002)] 

 
Figure C-306 Condition of wall DP2 at 0.1% drift [Palermo and Vecchio (2002)] 
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Figure C-307 Condition of wall DP2 at 0.15% drift [Palermo and Vecchio (2002)] 

 
Figure C-308 Condition of wall DP2 at 0.20% drift [Palermo and Vecchio (2002)] 
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Figure C-309 Condition of wall DP2 at 0.25% drift [Palermo and Vecchio (2002)] 

 
Figure C-310 Condition of wall DP2 at 0.30% drift [Palermo and Vecchio (2002)] 
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Figure C-311 Condition of wall DP2 at 0.35% drift [Palermo and Vecchio (2002)] 

 
Figure C-312 Condition of wall DP2 at 0.40% drift [Palermo and Vecchio (2002)] 
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Figure C-313 Condition of wall DP2 at 0.45% drift [Palermo and Vecchio (2002)] 

 
Figure C-314 Condition of wall DP2 at 0.50% drift [Palermo and Vecchio (2002)] 
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C.3.3 NUPEC Wall [Kitada et al. (1997)] 

C.3.3.1 Wall U1 

Table C-84 Evaluation of damage data for wall U1 tested by NUPEC 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

4 4.1 0.87 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 0.87 

The smaller of the two drifts is obtained from the 
1st quadrant of the load-displacement relationship 
(see Figure C-315, red circle). Note that wall U-1 
was tested using an earthquake simulator therefore, 
the residual drift associated with SC1 is 0.5%. 

U1 

4* 

SC2 0.83 

The data point is obtained from the 1st quadrant of 
the load-displacement relationship (see Figure 
C-315). A data point cannot be established in the 
3rd quadrant. 

 
 Figure C-315 Load-displacement relationship for wall U1 [Kitada et al. (1997)] 

+0.89% 
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Figure C-316 Progression of damage for wall U1 [Kitada et al. (1997)] 
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C.3.4 Sato et al. (1989) Walls 

C.3.4.1 Wall 24M8-30 

Table C-85 Evaluation of damage data for wall 24M8-30 tested by Sato 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

2a 2.3 0.47 

3 3.1 0.80 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported backbone 
load-displacement relationship. 

4 N/A N/A 
The failure mode was not reported and so the 
supplemental criteria are invoked to seek a drift 
associated with this damage state. 

SC1 N/A 
The wall was loaded cyclically, but only a 
backbone load-displacement relationship was 
reported. 

24M8-30 

4* 

SC2 N/A 
The post-peak resistance computed using the 
reported backbone curve did not drop to 0.5 peakV
(Figure C-317). 

 
Figure C-317 Backbone curves for walls 24M8-30, 24M8-40, and 24M8-50 [Sato et al. 

(1989)] 
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C.3.4.2 Wall 24M8-40 

Table C-86 Evaluation of damage data for wall 24M8-40 tested by Sato 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

2a 2.3 0.49 

3 3.1 0.54 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported backbone 
load-displacement relationship. 

4 N/A N/A 
The failure mode was not reported and so the 
supplemental criteria are invoked to seek a drift 
associated with this damage state. 

SC1 N/A 
The wall was loaded cyclically, but only a 
backbone load-displacement relationship was 
reported. 

24M8-40 

4* 

SC2 N/A 
The post-peak resistance computed using the 
reported backbone curve did not drop to 0.5 peakV
(Figure C-317). 
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C.3.4.3 Wall 24M8-50 

Table C-87 Evaluation of damage data for wall 24M8-50 tested by Sato 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

2a 2.3 0.37 

3 3.1 0.78 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported backbone 
load-displacement relationship. 

4 N/A N/A 
The failure mode was not reported and so the 
supplemental criteria are invoked to seek a drift 
associated with this damage state. 

SC1 N/A 
The wall was loaded cyclically, but only a 
backbone load-displacement relationship was 
reported. 

24M8-50 

4* 

SC2 N/A 
The post-peak resistance computed using the 
reported backbone curve did not drop to 0.5 peakV
(Figure C-317). 
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C.3.4.4 Wall 36M8-30 

Table C-88 Evaluation of damage data for wall 36M8-30 tested by Sato 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.03 
1 

1.3 0.06 
2.1 1.32 

2a 
2.3 0.25 

3 3.1 1.00 

The drifts for these damage states are provided by 
the researcher. 

4 4.1 1.53 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.53 

The residual drifts did not exceed 1.0%. However, 
the maximum recorded residual drift is judged to 
be close enough to 1.0% (see Figure C-318) and 
supports the use of 1.50% reported previously. 

36M8-30 

4* 

SC2 N/A 
The post-peak resistance computed using the 
reported backbone curve did not drop to 0.5 peakV
(Figure C-318). 
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Figure C-318 The load-displacement relationship for wall 36M8-30 [Sato et al. (1989)] 

 
Figure C-319 Conditions of walls 36M8-30, 36M8-40 and 36M8-50 at the end of the test 

[Sato et al. (1989)] 

+1.0%
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C.3.4.5 Wall 36M8-40 

Table C-89 Evaluation of damage data for wall 36M8-40 tested by Sato 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

2a 2.3 0.39 
3 3.1 0.83 

The drifts for these damage states are provided by 
the researcher. 

4 4.1 1.50 

The researcher reported sliding shear failure at a 
drift of 1.50%. The reported drift at sliding failure 
(DS4.1) is excluded from the fragility analysis 
because herein drift associated with sliding failure 
is calculated using the supplemental wall 
replacement criteria. No data associated with 
DS4.1 is registered since none could be obtained 
using the supplemental criteria. 

SC1 N/A 
The wall was loaded cyclically, but only a 
backbone load-displacement relationship was 
reported. 

36M8-40 

4* 

SC2 N/A 
The post-peak resistance computed using the 
reported backbone curve did not drop to 0.5 peakV
(Figure C-320). 

 
Figure C-320 Backbone curves for walls 36M8-30, 36M8-40, and 36M8-50 [Sato et al. 

(1989)] 
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C.3.4.6 Wall 36M8-50 

Table C-90 Evaluation of damage data for wall 36M8-50 tested by Sato 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.2 0.03 
1 

1.3 0.05 
2.1 1.55 

2a 
2.3 0.37 

3 3.1 1.04 

The drift data for these damage states are provided 
by the researcher. 

4 4.1 1.55 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.55 

Residual drifts did not exceed 1.0%. However, the 
maximum recorded residual drift is judged to be 
close enough to 1.0% (Figure C-319) and supports 
the use of 1.50% reported previously. 

36M8-50 

4* 

SC2 N/A 
The post-peak resistance computed using the 
reported backbone curve did not drop to 0.5 peakV
(Figure C-321). 

 
Figure C-321 Load-displacement relationship for wall 36M8-50 [Sato et al. (1989)] 

+1.0%
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C.3.4.7 Wall 48M8-30 

Table C-91 Evaluation of damage data for wall 48M8-30 tested by Sato 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

2a 2.3 0.38 

3 3.1 0.59 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported backbone 
load-displacement relationship. 

4 N/A N/A 
The failure mode was not reported and so the 
supplemental criteria are invoked to seek a drift 
associated with this damage state. 

SC1 N/A 
The wall was loaded cyclically, but only a 
backbone load-displacement relationship was 
reported. 

48M8-30 

4* 

SC2 N/A 
The post-peak resistance computed using the 
reported backbone curve did not drop to 0.5 peakV
(Figure C-322). 

 
Figure C-322 Backbone curves for walls 48M8-30, 48M8-40, and 48M8-50 [Sato et al. 

(1989)] 
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C.3.4.8 Wall 48M8-40 

Table C-92 Evaluation of damage data for wall 48M8-40 tested by Sato 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

2a 2.3 0.42 

3 3.1 0.66 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported backbone 
load-displacement relationship. 

4 N/A N/A 
The failure mode was not reported and so the 
supplemental criteria are invoked to seek a drift 
associated with this damage state. 

SC1 N/A 
The wall was loaded cyclically, but only a 
backbone load-displacement relationship was 
reported. 

48M8-40 

4* 

SC2 N/A 
The post-peak resistance computed using the 
reported backbone curve did not drop to 0.5 peakV
(Figure C-322). 
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C.3.4.9 Wall 48M8-50 

Table C-93 Evaluation of damage data for wall 48M8-50 tested by Sato 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

2 2.3 0.55 

3 3.1 0.52 

The shear forces for these damage states are 
provided by the researcher. The corresponding 
drifts are obtained using the reported backbone 
load-displacement relationship. 

4 N/A N/A 
The failure mode was not reported and so the 
supplemental criteria are invoked to seek a drift 
associated with this damage state. 

SC1 N/A 
The wall was loaded cyclically, but only a 
backbone load-displacement relationship was 
reported. 

48M8-50 

4* 

SC2 N/A 
The post-peak resistance computed using the 
reported backbone curve did not drop to 0.5 peakV
(Figure C-322). 
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C.3.5 Synge Wall [Synge (1980)] 

C.3.5.1 Wall 3 

Table C-94 Evaluation of damage data for wall 3 tested by Synge 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.3 0.10 
2.2 0.20 

2a 
2.3 0.20 
3.1 0.82 

3 
3.4 0.82 

The drifts for these damage states are provided by 
the researcher. For DS3.1, see Synge (1980), page 
75. 

4 4.1 1.19 

The researcher reported that the wall failed by 
sliding shear and so the supplemental criteria are 
invoked to obtain a drift associated with this 
damage state. 

SC1 1.19 

The residual drift at a peak transient drift of 1.19% 
(3rd quadrant) is slightly lower than 1.0% but 
judged to be sufficiently close to 1.0% to produce a 
data point (see Figure C-323, red circle). 

Wall 3 

4* 

SC2 N/A 
The post-peak resistance computed using the 
reported backbone curve did not drop to 0.5 peakV
(Figure C-323). 

 
Figure C-323 Load-displacement relationship for wall 3 [Synge (1980)] 

+1.0% 

-1.0% 
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C.3.6 Maier and Thürlimann (1985) Walls 

C.3.6.1 Wall S1 

Table C-95 Evaluation of damage data for wall S1 tested by Maier 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.04 
2.2 1.08 
2.3 0.67 2a 
2.5a 0.77 

2b 2.5b 0.98 

The drifts for these damage states are provided by 
the researcher. 

3 3.1 2.17 

The image reported at this drift (Figure C-328) 
shows damage that can be repaired by partial wall 
replacement (MoR-3). The damaged region 
requiring partial wall replacement is identified 
using dashed boxes in Figure C-328. Note that this 
wall was tested under monotonic loading. 

S1 

4 4.3 2.89 The image reported at this drift (Figure C-329) 
shows widespread crushing. 

 
Figure C-324 Load-drift relationship for wall S1 
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Figure C-325 Condition of wall S1 at 0.17% drift [Maier and Thürlimann (1985)] 

 
Figure C-326 Condition of wall S1 at 0.28% drift [Maier and Thürlimann (1985)] 
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Figure C-327 Condition of wall S1 at 0.42% drift [Maier and Thürlimann (1985)] 

 
Figure C-328 Condition of wall S1 at 2.17% drift [Maier and Thürlimann (1985)] 
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Figure C-329 Condition of wall S1 at 2.89% drift [Maier and Thürlimann (1985)] 
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C.3.6.2 Wall S2 

Table C-96 Evaluation of damage data for wall S2 tested by Maier 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.3 0.17 
1 

1.4 0.72 
2a 2.3 0.80 
3 3.1 0.89 

The drifts for these damage states are provided by 
the researcher. For DS3.1, see Maier and 
Thürlimann (1985), page 12. S2 

4 4.3 1.03 The image reported at this drift (Figure C-335) 
shows widespread crushing. 

 
Figure C-330 Load-drift relationship for wall S2 
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Figure C-331 Condition of wall S2 at 0.17% drift [Maier and Thürlimann (1985)] 

 
Figure C-332 Condition of wall S2 at 0.23% drift [Maier and Thürlimann (1985)] 
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Figure C-333 Condition of wall S2 at 0.37% drift [Maier and Thürlimann (1985)] 

 
Figure C-334 Condition of wall S2 at 0.80% drift [Maier and Thürlimann (1985)] 
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Figure C-335 Condition of wall S2 at 1.03% drift [Maier and Thürlimann (1985)] 
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C.3.6.3 Wall S3 

Table C-97 Evaluation of damage data for wall S3 tested by Maier 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.08 
2.1 1.08 
2.3 1.08 2a 
2.5a 0.74 

2b 2.5b 0.97 

The drifts for these damage states are provided by 
the researcher. 

S3 

4 4.3 2.02 The image reported at this drift (Figure C-342) 
shows widespread crushing.  

 
Figure C-336 Load-drift relationship for wall S3 
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Figure C-337 Condition of wall S3 at 0.20% drift [Maier and Thürlimann (1985)] 

 
Figure C-338 Condition of wall S3 at 0.31% drift [Maier and Thürlimann (1985)] 



 

C-241

 
Figure C-339 Condition of wall S3 at 0.41% drift [Maier and Thürlimann (1985)] 

 
Figure C-340 Condition of wall S3 at 0.71% drift [Maier and Thürlimann (1985)] 
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Figure C-341 Condition of wall S3 at 1.08% drift [Maier and Thürlimann (1985)] 

 
Figure C-342 Condition of wall S3 at 2.02% drift [Maier and Thürlimann (1985)] 
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C.3.6.4 Wall S5 

Table C-98 Evaluation of damage data for wall S5 tested by Maier 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.12 
2.1 1.79 
2.2 0.94 
2.3 0.94 

2a 

2.4a 0.95 
2b 2.4b 1.14 

The drifts for these damage states are provided by 
the researcher. 

3 3.1 0.94 

The image reported at this drift (Figure C-346) 
shows damage that can be repaired by partial wall 
replacement (MoR-3). The damaged region 
requiring partial wall replacement is identified 
using a dashed box in Figure C-346. 

S5 

4 4.3 1.82 The image reported at this drift (Figure C-347) 
shows widespread crushing. 

 
Figure C-343 Load-displacement relationship for wall S5 [Maier and Thürlimann (1985)] 

+1.67% 



 

C-244

 
Figure C-344 Condition of wall S5 at 0.20% drift [Maier and Thürlimann (1985)] 

 
Figure C-345 Condition of wall S5 at 0.46% drift [Maier and Thürlimann (1985)] 
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Figure C-346 Condition of wall S5 at 0.94% drift [Maier and Thürlimann (1985)] 

 
Figure C-347 Condition of wall S5 at 1.82% drift [Maier and Thürlimann (1985)] 
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C.3.6.5 Wall S6 

Table C-99 Evaluation of damage data for wall S6 tested by Maier 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1 1.2 0.10 
2.1 1.25 
2.2 0.75 
2.3 0.75 

2a 

2.4a 0.88 

The drifts for these damage states are provided by 
the researcher. 

3 3.1 1.09 

The image reported at this drift (Figure C-352) 
shows damage that can be repaired by partial wall 
replacement (MoR-3). The damaged region 
requiring partial wall replacement is identified 
using a dashed box in Figure C-352. 

S6 

4 4.3 2.35 The image reported at this drift (Figure C-353) 
shows widespread crushing. 

 
Figure C-348 Load-drift relationship for wall S6 



 

C-247

 
Figure C-349 Condition of wall S6 at 0.23% drift [Maier and Thürlimann (1985)] 

 
Figure C-350 Condition of wall S6 at 0.34% drift [Maier and Thürlimann (1985)] 
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Figure C-351 Condition of wall S6 at 0.43% drift [Maier and Thürlimann (1985)] 

 
Figure C-352 Condition of wall S6 at 1.09% drift [Maier and Thürlimann (1985)] 
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Figure C-353 Condition of wall S6 at 2.35% drift [Maier and Thürlimann (1985)] 
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C.3.6.6 Wall S7 

Table C-100 Evaluation of damage data for wall S7 tested by Maier 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

1.3 0.17 
1 

1.4 0.62 
2a 2.1 0.67 

The drifts for these damage states are provided by 
the researcher. 

S7 

4 4.3 0.84 

The image reported at this drift (Figure C-359) 
shows widespread crushing. Note that Figure 
C-358 at 0.68% drift also shows widespread 
crushing. But that data point is excluded since the 
damage requiring wall replacement (MoR-4) was 
attained at the 10th cycle to that drift. 

 
Figure C-354 Load-displacement relationship for wall S7 [Maier and Thürlimann (1985)] 

+0.42%
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Figure C-355 Condition of wall S7 at 0.20% drift [Maier and Thürlimann (1985)] 

 
Figure C-356 Condition of wall S7 at 0.34% drift [Maier and Thürlimann (1985)] 
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Figure C-357 Condition of wall S7 at 0.67% drift (1st cycle around this drift level) [Maier 

and Thürlimann (1985)] 

 
Figure C-358 Condition of wall S7 at 0.68% drift (10th cycle around this drift level) [Maier 

and Thürlimann (1985)] 
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Figure C-359 Condition of wall S7 at 0.84% drift [Maier and Thürlimann (1985)] 
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C.3.6.7 Saito et al. (1989) Wall 

C.3.6.8 Wall W-12-1 

Table C-101 Evaluation of damage data for wall W-12-1 tested by Saito 

Wall ID MoR Damage 
State (DS) 

Drift 
(%) Comments 

2 2.1 0.54 The drift for this damage state is provided by the 
researcher. 

4 4.3 1.32 

The failure mode was assumed to be diagonal 
compression because of the heavy wall 
reinforcement. The drift associated with wall 
replacement is calculated using SC2. 

W-12-1 

4* SC2 1.32 

The data point is obtained from the 1st quadrant of 
the load-displacement relationship (see Figure 
C-360). A data point cannot be established in the 
3rd quadrant. 

 
Figure C-360 Load-displacement relationship for wall W-12-1 [Saito et al. (1989)]

+1.0%
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Appendix D  – Supplemental Information on Scope of 
Repair for MoR-2 and MoR-3 

This appendix presents data to support the scopes of repair for MoR-2 and MoR-3 in Section 8: 
1) the total length of cracks requiring epoxy injection for MoR-2 and MoR-3, and 2) percentage 
of wall panel requiring replacement for MoR-3. 

D.1 Total Crack Length for Epoxy Injection 

The total length of cracks in a damaged wall that require epoxy injection for repair is calculated 
using author-reported images of damage. 

Section D.1.1 presents calculations for walls that can be repaired by epoxy injection of cracks, 
namely, MoR-2a. The images of damage presented in Appendix C that were reported at or near 
the drifts associated with MoR-2a are used for these calculations. Such damage images with 
clearly visible crack patterns are available for 14 walls. In those cases where more than one 
damage image associated with MoR-2a was available for a given wall, the total crack length is 
measured using the image reported at the smaller drift. Only a single value of crack length is 
reported for each wall.  

Section D.1.2 presents crack-length information for MoR-2b. 

Section D.1.3 presents calculations for walls that require both partial wall replacement and epoxy 
injection of cracks, namely, MoR-3. Damage images at MoR-3 are available for 9 of the 14 walls 
of Section D.1.1. 

D.1.1 Crack lengths for MoR-2a  

The crack length is calculated using the visible cracks resulting from loading in one direction and 
then multiplied by 2 to account for the cyclic nature of earthquake shaking. The resultant 
measured crack length is normalized by the area of the wall panel, presented as a crack length 
per 100 ft2 of wall panel, and denoted TCL1 for MoR-2a. 

Table D-1 presents information for MoR-2a calculations. Figure ID identifies the figure in 
Appendix C that is used for the crack length calculation for each wall. The value of TCL1 for 
each wall is listed in the table. However, only a fraction of all measured cracks require epoxy 
injection since the crack widths vary from crack to crack and within each crack. The percentage 
of the measured total crack length requiring epoxy injection (%EI) is identified based on 
evaluation of a) the reported damage images, and b) the web reinforcement ratios (see Table 
D-2), as described below. The variable TCL2 is calculated as twice the product of TCL1 and %EI 
because epoxy injection will likely be required on each face of the damaged wall. 

Walls DP1 and DP2: Each wall had a similar crack pattern and the widths of the cracks appear to 
vary significantly. Considering the density of the cracks and the relatively high web 
reinforcement ratio, 50% of the measured cracks are assumed to require epoxy injection. Since 
high-resolution photographs are available for only these two walls, the Palermo walls are used to 
index other %EI estimates. 
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Table D-1 Crack length data (per 100 ft2) associated with MoR-2a 

Researcher Wall ID Figure ID TCL1 
(1/ft) %EI TCL2 

(1/ft) 
Palermo DP1 Figure C-296 304 50% 304 
Palermo DP2 Figure C-310 316 50% 316 
Maier S2 Figure C-334 415 40% 332 
Maier S3 Figure C-340 512 40% 410 
Maier S5 Figure C-346 489 40% 392 
Barda B7-5 Figure C-283 367 60% 378 
Synge Wall 1 Figure C-15 125 90% 225 

Pilakoutas SW5 Figure C-28 464 35% 325 
Pilakoutas SW7 Figure C-42 361 40% 289 
Pilakoutas SW8 Figure C-48 382 40% 306 
Pilakoutas SW9 Figure C-55 452 40% 361 

Maier S4 Figure C-7 278 50% 278 
Maier S9 Figure C-12 247 50% 247 

Doostdar Wall 7 Figure C-166 285 90% 256 

Table D-2 Summary of walls used in crack length evaluation associated with MoR-2a 

Researcher Wall ID Geometry /w wh l hρ  vρ  / cP Af ′  

Palermo DP1 Flanged 0.66 0.76 0.82 5.4 
Palermo DP2 Flanged 0.65 0.76 0.82 0.0 
Maier S2 Flanged 1.02 1.01 1.13 24.2 
Maier S3 Flanged 1.02 1.01 2.54 6.5 
Maier S5 Flanged 1.02 1.01 1.13 6.3 
Barda B7-5 Flanged 0.21 0.49 0.50 0.0 
Synge Wall 1 Rectangular 0.50 1.61 0.81 0.0 

Pilakoutas SW5 Rectangular 2.00 0.31 0.59 0.0 
Pilakoutas SW7 Rectangular 2.00 0.39 0.59 0.0 
Pilakoutas SW8 Rectangular 2.00 0.28 0.50 0.0 
Pilakoutas SW9 Rectangular 2.00 0.56 0.50 0.0 

Maier S4 Rectangular 1.02 1.01 1.02 7.7 
Maier S9 Rectangular 1.02 1.01 1.02 7.7 

Doostdar Wall 7 Rectangular 0.75 0.80 0.59 0.0 
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Walls S2, S3 and S5: All three walls were tested under imposed axial load and had horizontal 
and vertical web reinforcement ratios greater than 1.0%. The percentage of cracks that require 
epoxy injection is estimated to be 40% because the Maier walls had higher web reinforcement 
ratios than the Palermo walls and thus finer cracks. 

Wall B7-5: Although the web of the Barda wall was more lightly reinforced than the Palermo 
walls (an increase in %EI), it was reinforced at each end by heavily reinforced flanges and its 
aspect ratio was significantly smaller (a decrease in %EI). The percentage of cracks requiring 
epoxy injection is 60%. 

Wall 1 and Wall 7: The damage images reported for these walls show only a few major cracks in 
each direction. Ninety percent of these cracks are assumed to require epoxy injection. 

Walls SW5, SW7, SW8, and SW9: The damage images reported for these walls were hand 
drawn and it was not possible to identify whether the cracks were hairline or major, requiring 
grouting. The final condition of the walls was used to guide selection of %EI. For example, 
Figure C-29 shows the condition of wall SW5 at failure; there were two diagonal cracks in each 
direction that dominated the wall response. Therefore, it is reasonable to assume that for MoR-2, 
only these cracks will require epoxy injection and %EI is 35%. Using a similar procedure for 
SW7, %EI is 40%. Walls SW8 and SW9 failed by concrete crushing rather than diagonal tension 
and it was not possible to use the same approach to compute %EI and so 40% was chosen based 
on the result for SW7. 

Walls S4 and S9: Both rectangular (S4 and S9) and flanged walls (S2, S3, and S5) tested by 
Maier generally included similar web reinforcement (see Table D-2). The major difference in the 
crack patterns of the rectangular and flanged walls is that the crack density for the rectangular 
walls is consistently less than that of the flanged walls. A lower crack density is associated with 
higher crack widths and %EI for flanged walls of Maier is increased from 40% (flanged walls) to 
50% (rectangular walls). 

Table D-3 presents a statistical summary of the results for TCL2. On the basis of these results, 
total crack lengths requiring epoxy injection are 300 ft. and 350 ft. (per 100 ft2 wall panel) for 
rectangular and flanged walls, respectively. 

Table D-3 Statistical summary of total crack length (per 100 ft2) for epoxy injection (TCL2 
in Table D-1) 

Wall geometry  
All Rectangular Flanged 

Mean 316 286 355 
Median 311 283 355 

Standard Deviation 55 40 44 
Coefficient of Variation 0.18 0.14 0.12 

D.1.2 Crack lengths for MoR-2b 

As seen in Table 8-22 and Table 8-23, the fragility curves for MoR-2b for barbell and flanged 
walls are set aside since the corresponding medians equal or exceed those calculated for Method 
of Repair MoR-3. Crack length data for MoR-2b is not available for rectangular walls and the 
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normalized crack length for MoR-2a (300 ft. per 100 ft2 wall panel) is adopted for MoR-2b since 
the calculated medians for MoR-2a (0.41) and MoR-2b (0.55) are comparable. 

D.1.3 Crack lengths for MoR-3 

The MoR-3 crack length is calculated using the visible cracks resulting from loading in one 
direction and then multiplied by 2 to account for the cyclic nature of earthquake shaking. The 
resultant measured crack length is normalized by the area of the wall panel, presented as a crack 
length per 100 ft2 of wall panel, and denoted TCL3 for MoR-3. 

Damage images at drifts associated with MoR-3 are available for 9 of the 14 walls considered in 
Section D.1.1. Table D-4 presents the normalized total crack lengths (TCL3) measured from 
those images. The normalized crack lengths increase only modestly for flanged walls but 
significantly for rectangular walls as the damage progresses from MoR-2a to MoR-3. The ratio 
of TCL3 to TCL1 is 1.30 for rectangular walls and 1.05 for flanged walls. 

Table D-4 Comparison of measured crack lengths (per 100 ft2) for MoR-2a and MoR-3  

Researcher Wall ID Geometry TCL1 
(1/ft) 

TCL3 
(1/ft) 

 TCL3 / 
TCL1 

Figure 

Palermo DP1 Flanged 304 332 1.09 Figure C-300
Palermo DP2 Flanged 316 334 1.06 Figure C-313
Maier S5 Flanged 489 511 1.04 Figure C-346
Barda B7-5 Flanged 315 315 1.00 Figure C-283
Synge Wall 1 Rectangular 125 174 1.39 Figure C-16 

Pilakoutas SW8 Rectangular 382 482 1.26 Figure C-50 
Pilakoutas SW9 Rectangular 452 535 1.18 Figure C-57 

Maier S4 Rectangular 278 423 1.52 Figure C-8 
Doostdar Wall 7 Rectangular 142 156 1.10 Figure C-168

Given that approximately 15% of the wall panel will be replaced for MoR-3 (see Section D.2 
below), the normalized total crack length for MoR-3 and rectangular walls is 330 
( 0.85 300 1.3)= × ×  and for MoR-3 and flanged walls is 310 ( 0.85 350 1.05).= × × The normalized 
crack length for MoR-3 calculated for flanged walls (310 ft. per 100 ft2 wall panel) is adopted for 
barbell walls for which data are unavailable. 

D.2 Percentage of Wall Replacement at MoR-3 

If an image at or near the drift associated with MoR-3 was available for a given wall, the 
damaged region likely requiring replacement is identified using a dashed box. The ratio of the 
area of each dashed box to the total wall panel area ( /d wpA A ) is presented in Table D-5. In this 
table, the column labeled Figure ID provides the figure number used to calculate the percentage 
of the wall requiring replacement. 
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Table D-5 Ratios of area of damaged region to total area of wall panel 

Researcher Wall ID Section Figure ID 
/d wpA A  

(%) 
Fukuzawa No4 Barbell Figure C-220 23 

Barda B1-1 Flanged Figure C-264 10 
Barda B2-1 Flanged Figure C-267 15 
Barda B3-2 Flanged Figure C-271 24 
Barda B4-3 Flanged Figure C-274 14 
Barda B5-4 Flanged Figure C-277 10 
Barda B6-4 Flanged Figure C-280 17 
Barda B7-5 Flanged Figure C-283 17 
Barda B8-5 Flanged Figure C-286 9 

Palermo DP1 Flanged Figure C-300 15 
Palermo DP2 Flanged Figure C-313 16 
Maier S1 Flanged Figure C-328 21 
Maier S5 Flanged Figure C-346 25 
Maier S6 Flanged Figure C-352 7 
Lefas Type I Rectangular Figure C-1 14 
Maier S4 Rectangular Figure C-8 7 
Synge Wall 1 Rectangular Figure C-16 8 

Pilakoutas SW4 Rectangular Figure C-22 17 
Pilakoutas SW6 Rectangular Figure C-36 26 
Pilakoutas SW8 Rectangular Figure C-50 32 
Pilakoutas SW9 Rectangular Figure C-57 14 

Greifenhagen M3 Rectangular Figure C-84 15 
Lopes SW13 Rectangular Figure C-115 15 
Lopes SW14 Rectangular Figure C-123 8 
Lopes SW17 Rectangular Figure C-146 23 

Wiradinata Wall 1 Rectangular Figure C-155 12 
Doostdar Wall 7 Rectangular Figure C-168 15 
Doostdar Wall 8 Rectangular Figure C-176 11 

Table D-6 presents a statistical summary of the /d wpA A  data presented in Table D-5. Damage 
associated with MoR-3 requires on average replacement of 15% of wall panel area for both 
rectangular and flanged walls. Only a single value of /d wpA A  (=23%) could be computed for 
barbell walls and so the average value for flanged walls of 15% is used instead. 
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Table D-6 Statistical summary of /d wpA A  

Wall geometry  
All Flanged Rectangular 

Mean 16 15.4 15.4 
Median 15 15.0 14.4 

Standard Deviation 6.4 5.7 7.2 
Coefficient of Variation 0.41 0.37 0.46 
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Appendix E – Scopes of Repair for Squat Concrete 
Walls 

E.1 Introduction 

This appendix presents the list of repair activities that are required for each method of repair, 
namely, MoR-1 through MoR-4, defined in Section 8 for squat reinforced concrete walls. 

E.2  MoR-1, Cosmetic Repair 

Cosmetic repairs are made when the residual crack widths are relatively narrow and no structural 
repair is deemed necessary. The main scope of this method of repair is limited to the repair of 
surface finishes to restore the aesthetic appearance, maintain fire resistance and prevent water 
infiltration into the wall, [ATC (1998)]. A list of repair activities is not provided for MoR-1 
because the repair is not structural. 

E.3 MoR-2, Epoxy Injection 

Epoxy injection is widely used to restore the stiffness and strength of cracked concrete 
components. Structural repair using epoxy injection involves the following steps, which assume 
that the to-be-repaired wall is in a commercial office building. 

1. Relocate all office equipment and furniture within 6 ft. of the wall, on both sides of the 
wall. Install protective covers on the floor finishes. 

2. Remove architectural finishes over the height and length of the wall, on both sides of the 
wall. 

3. Relocate mechanical, electrical, and plumbing (MEP) systems within 6 ft. of the damaged 
wall. 

4. Prepare and injection grout 300 ft. of crack per 100 ft2 of wall panel for rectangular cross 
sections. (See Appendix D for additional information on calculation of the suggested 
cracks lengths.) 

5. Reinstall/return all office equipment, architectural finishes, furniture, and MEP systems. 

E.4 MoR-3, Partial Wall Replacement 

Partial wall replacement (MoR-3) includes a) removal and replacement of damaged concrete and 
rebar, and b) epoxy injection of cracks to restore component strength and stiffness. Such repair 
involves the following steps that assume a) the wall is in a commercial office building, and b) 
wall replacement does not involve shoring of columns and floor slabs. The scope of repair is not 
additional to that of MoR-2. 

1. Relocate all office equipment and furniture within 6 ft. of the wall, on both sides of the 
wall. Install protective covers on the floor finishes and adjacent curtain wall system 
(where occurs). 
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2. Remove architectural finishes over the height and length of the wall, on both sides of the 
wall. 

3. Relocate MEP systems within 6 ft. of the damaged wall. 

4. Prepare and injection grout 330 ft. of crack per 100 ft2 of wall panel for walls with 
rectangular cross sections and 310 ft. of crack per 100 ft2 of wall panel for walls with 
flanged or barbell cross sections. (See Appendix D for additional information on 
calculation of the suggested cracks lengths.) 

5. Remove 15 ft2 per 100 ft2 of wall panel and 10 1-ft. long sections of #8 buckled rebar. 
(See Appendix D for additional information on the calculation of the area of wall panel to 
be removed.) 

6. Replace buckled rebar with new rebar, attached to exposed ends of existing rebar with 
mechanical splices; provide 8 #4 seismic ties at 4 in. on center at each end of the wall; re-
bend 16 horizontal rebar in the web of the wall around new rebar. 

7. Install formwork and cast new 5000 psi concrete into the pockets cut in step 5.  

8. Strip formwork, remove all construction equipment, and reinstall/return all office 
equipment, architectural finishes, furniture, and MEP systems. 

E.5 MoR-4, Wall Replacement 

Method of repair MoR-4 includes replacement of the damaged wall panel and is similar to 
Structural Repair 5 (SR5) of FEMA 308 [ATC (1998)]. MoR-4 involves the following steps, 
which assume that a) the wall is in a commercial office building, and b) wall removal and 
replacement in 5-ft. increments such that shoring of columns and floor slabs above is not 
required. 

1. Relocate all office equipment and furniture within 10 ft. of the wall, on both sides of the 
wall. Install protective covers on the floor finishes and adjacent curtain wall system 
(where occurs). Relocate MEP systems within 10 ft. of the damaged wall.  

2. Remove architectural finishes over the height and length of the wall, on both sides of the 
wall. 

3. Remove and replace the damaged reinforced concrete in 5-ft. segments along the length 
along the wall. 

4. Install new reinforcement as follows:  

a. 12#9 A706 rebar in the boundary zone at each end of the wall; attach new rebar to 
existing using mechanical splices 

b. #4 A706 double sets of seismic ties at 4 in. on center in each boundary zone; 

c. #4 A706 rebar at 6 in. on center, each face, each way; lap splice new vertical bars 
to existing at the head of the wall; drill and epoxy grout #4 bars into 
wall/foundation below at 6 in. on center to match new rebar above. Horizontal 
rebar to be anchored in new boundary zones with seismic hooks or lapped 24 in. 
with horizontal bars in adjacent wall panels. 
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5. Form new wall panel and cast 5000 psi concrete in 3-ft. lifts; leave a 1-in. gap at the 
underside of the wall above for grouting 24 hours after the wall panel is cast. Strip 
formwork 48 hours after casting. Commence work on a new panel after concrete has 
achieved compressive strength of 3000 psi.  

6. Remove all construction equipment and reinstall/return all office equipment, architectural 
finishes, furniture, and MEP systems. 
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