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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 ofN ew York, the Center was 
originally established by the National Science Foundation in 1986, as the National Center for Earthquake 
Engineering Research (N CEER). 

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 Center coordinates a nationwide program of multidisciplinary team research, education 
and outreach activities. 

MCEER's research is conducted under the sponsorship of two maj or federal agencies: the National Science 
Foundation (NSF) and the Federal Highway Administration (FHWA), and the State of New York. 
Significant 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 developing 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 figure below). 

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 
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country. These are complemented by, and integrated with, other MCEERactivities in education, outreach, 
technology transfer, and industry partnerships. 

This report addresses structural safety and the risk of damage, by determining the collapse 
performance limit in engineering terms. It documents an experimental study of the P-delta effect on 
a Single Degree of Freedom (SDOF) test structure subjected to earthquake ground motion. Fifteen 
four-column frame specimens were subjected to progressive unidirectional ground shaking and 
structural response was measured up to collapse. 

An example of how to use the experimental datafor analytical model verification is provided. Afull 
series of tests with a single specimen were analyzed using a simple SDOF dynamic analysis program. 
The example illustrated the shortcomings/inaccuracies of a particular simplified model of structural 
damping. 

Test structure performance was compared with proposed limits for minimizing P-delta effects in 
highway bridge piers. The stability factor was found to have a strong relationship to the relative 
structural performance in this regard. Performance was also compared with currently used strength 
and stability limits for axial-moment interaction. Specimens generally reached accelerations and 
maximum base shear (as a fraction of the system's weight) in excess of the maximum spectral 
accelerations calculated considering second order effects, but less than that considering only 
member strength. 
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ABSTRACT 

The effect of gravity on the lateral force resistance of structures, known as the P-~ effect, has 

been studied for a number of years. Most of the research into this phenomenon has been 

perfonned using analytical models, with very few tests perfonned for verification. 

This report is an experimental study of the P-~ effect on a Single Degree of Freedom (SDOF) 

test structure subjected to earthquake ground motion. It involves testing columns subjected to 

SDOF ground shaking and measuring the displacements and accelerations of the structure for the 

duration of the test, up to collapse. A literature review found no other tests of a similar nature. 

Fifteen four-column frame specimens were subjected to progressive unidirectional ground 

shaking and structural response was measured up to collapse. The specimens are subdivided into 

sets of three different column slenderness ratios: 100, 150, and 200. For a given slenderness 

ratio, column dimensions are varied from specimen to specimen, as is the mass used, such that 

ground motions of various magnitudes are required to collapse each specimen. 

An example of how to use the experimental data for analytical model verification is presented. 

A full series of tests with a single specimen is analyzed using a simple SDOF dynamic analysis 

program. This example illustrates the shortcomingslinaccuracies of a particular simplified model 

of structural damping. 

Test structure perfonnance is compared with proposed limits for minimizing P-~ effects in 

highway bridge piers. The stability factor is found to have a strong relation to the relative 

structural perfonnance in this regard. 

Perfonnance is also compared with currently used strength and stability limits for axial-moment 

interaction. Specimens generally reached accelerations and maximum base shear (as a fraction 

of the system's weight) in excess of the maximum spectral accelerations calculated considering 

second order effects, but less than that considering only member strength. 
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g) 
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V p base shear on structure affected by p-~ 
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~ relative displacement of top of column 

~cott. residual displacement at formation of plastic mechanism 
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SECTION 1 
INTRODUCTION 

1.1 Motivation for this Study 

The effect of gravity on the lateral force resistance of structures, known as the p-~ effect, has 

been studied for a number of years. Modem design codes impose lateral drift limits to ensure 

that structural performance is minimally affected by p-~, especially in the elastic range. 

However, as inelastic behavior is relied upon to a greater extent in the dissipation of seismic 

input energy, the destabilizing effect of gravity becomes more significant in structural design. In 

addition, advances in construction technology are allowing the fabrication of more slender 

structures than in the past. As a result, it may be desirable to investigate the behavior of those 

structures in order to enhance our understanding of the condition ultimately leading to their 

collapse, and to ensure public safety during extreme events. 

Strength and deformation capacities of elements and structures can be evaluated with reasonable 

confidence in the elastic range of response. However, excursions into the inelastic range of 

behavior complicate the process of calculating these ultimate capacities, and the maximum 

ductilities that can be developed. While many experimental studies and theoretical damage 

models support these calculated values, it remains that few experimental studies have pushed the 

shake table tests up to collapse. 

This research attempts to provide some of that data through a program of shake-table testing of 

simple frames through collapse. Every effort was made to ensure that the experimental data is 

fully documented (geometry, material properties, initial imperfections, detailed test results, etc.) 

such that the tests can be used at a later time as a benchmark to which analytical models can be 

compared. 

1.2 Research Objectives 

There are two main objectives in this research: to perfonn dynamic testing through collapse of 

SDOF specimens; and, to make results available to researchers to assist in the development or 

validation of analytical tools to model the inelastic dynamic behavior of structures up to collapse. 
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Fifteen specimens having various properties were tested in an attempt to identify some of the 

general parameters responsible for trends in behavior due to P-A effects on SDOF structures. 

1.3 Scope of Work 

The scope of work in this research project contains the following steps: 

• Set up experimental program of shake-table testing of columns to collapse 

• Document the pretest condition of all specimens 

• Perform testing on fifteen specimens each having four columns 

• Present and summarize the test results 

• Discuss the effect of material properties on the specimen dynamic properties 

• Demonstrate by an example how to use the test data for analytical model verification 

• Discuss the effect of differing damping estimates on analysis accuracy 

• Compare a series of tests with a simplified SDOF analysis 

• Investigate trends in the specimens behavior due to P-A effects 

• Compare the ultimate behavior of the specimens with proposed limits for minimizing P-A 

effects in bridge piers 

1.4 Outline 

In Chapter 2, a brief review of past research on P-A effects is presented, along with some basic 

concepts ofP-A analysis. 

In Chapter 3, details of the experimental setup, data acquisition systems, and instrumentation 

used during the tests are presented and described. The preliminary design, fabrication, and 

properties ofthe specimens are documented. The SDOF shaking table and input ground motion 

used in these tests are also described. 

In Chapter 4, the test results are presented. Material properties extracted from tension tests, 

dynamic properties measured from free vibration tests, and shake table test results, are presented. 

The peak response parameters extracted from each test are described. 
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In Chapter 5, the test results are discussed. An example is presented of how to use the specimen 

test data for the purpose of comparison with an analytical model. The effects of damping 

estimates on analysis results are discussed. A preliminary investigation of behavioral trends of 

the shake table results is presented. Peak responses are compared with limits proposed to 

minimize P-ll effects in bridge piers. Specimen behavior is investigated with respect to axial

moment strength and stability interaction limits. 

Conclusions and recommendations for further research are presented in Chapter 6. 
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2.1 General 

SECTION 2 
LITERATURE REVIEW 

The concept ofP-L1 effects under static loading can be illustrated using the Single-Degree-Of

Freedom (SDOF) structure shown in figure 2-1. In this figure, 2P represents the force due to 

gravity acting on the mass lumped at the top of the structure, L is the structure height, 2V is the 

lateral force on the mass, and L1 is the horizontal displacement of the mass. As the structure 

sways by L1 under the effect of the lateral force, the product of P by L1 produces an additional 

moment at the base of each column which can be obtained by considering static equilibrium in 

the deformed configuration. 

r--L1--..f P 
2

r
V ---,-- / 

I 
I 
I 
I 

L 

• 
V \.tl/ 

t P 

. / ..••... ~ " 

r V 

L 

• 
V \...!j; • 

V~ 

t P tp 

(a) Portal frame with rigid beam (b) Single column removed 
from portal frame 

FIGURE 2-1 Free Body Diagrams of Typical SDOF structure 

Many approximate methods have been developed (using equivalent lateral loads) for elastic 

static analysis to allow consideration ofP-L1 effects using conventional equilibrium in the 

undefonned configuration. However, few studies have investigated P-L1 effects on yielding 

structures subjected to earthquake excitations. Some key parameters proposed by other 

researchers for the consideration of P -L1 effects in the seismic analysis of non-linear inelastic 
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structures are described below, along with an overall view of the fundamental structural 

behavior. 

2.2 Basic Theory 

The relationship between the lateral force applied to the structure and its resulting displacement 

must be known in order to account for the p-~ effect in design. Figure 2-2 displays a plot of the 

monotonically increasing lateral force, V, as a function of the lateral displacement,~. The solid 

line represents this relationship when p-~ effects are ignored, while the dashed line represents 

the behavior when p-~ effects are included. 

ill 
U 
~ 
o 
LL 
--.l « 
~ 
ill 
\« 

---l 

~y 

~NOP-~ 

DISPLACENENT 

FIGURE 2-2 Bilinear Lateral Force vs. Displacement model for SDOF structure 

Ifthe typical SDOF structure considered in figure 2-1 ( a) is a single-bay portal frame with an 

infinitely rigid beam, the elastic lateral stiffness of each column within the frame, ignoring the 

p-~ effect is given by: 

(2-1) 

where: 

E = Elastic Modulus of the material 

I = Moment of inertia of the column section 

L = Height of the column 
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For the bilinear elastic-perfectly plastic model shown, the ultimate lateral force, ignoring the P-Ll 

effect, that can be applied to that frame is reached when the plastic moment of the column, Mp , 

develops at the top and bottom of the column, and is given by: 

2·M n l 
Vyo = IL (2-2) 

The corresponding yield displacement is: 

(2-3) 

Now, as shown in figure 2-1(b), considering P-Ll effects for a single column in the same frame, 

moment equilibrium gives: 

2·M = VL+PLl (2-4) 

where V is the lateral force at the top of the column 

Rearranging (2-4), the lateral force, V, can be expressed as: 

v = (2· M - PLl) = 2· M _ PLl = V _ PLl 
L L L 0 L 

(2-5) 

where Vo is the lateral force that would be obtained ignoring the P-Ll effect. 

Shown in figure 2-2, as a consequence ofP-Ll effects seen in (2-5), V decreases relative to Vo, as 

the displacement, Ll, increases. This equation can also be expressed as: 

PLl 
V = V - - = V - OK Ll 

o L 0 0 
(2-6) 

where 0 is the P-Ll stability factor given by: 

(2-7) 

From (2-6), the elastic stiffness considering P-Ll, K J, is therefore l
: 

1 It has been suggested (Sivaselvan and Reinhorn, UB private communication, 2001) that better results could be 

obtoin,d if (2-8) w,mpiaccd by, K, = Ko.r p~ 1 where p = ~. /Po However, this potential l tan -p 2 VFi 
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(2-8) 

Similarly, the lateral force at which the system, including P-.1 effects, yields, Vyp , is: 

~p =V yo (I-6) (2-9) 

When elastic-perfectly plastic material properties are assumed for the idealized frame described 

earlier, lateral force Va in (2-6) remains constant in the post-elastic region of the force

displacement graph as the plastic moment, Alp, is developed. However, when P-.1 effects are 

considered, the corresponding lateral force versus displacement curve exhibits a negative slope 

past the yield point, with a stiffness of: 

(2-10) 

as shown in figure 2-2. 

Therefore, the monotonic bilinear force-displacement response of a SDOF structure, including P

.1 effects, can be summarized as follows: 

(2-11) 

Another useful term in the characterization of P-.1 effects is the ratio of post-elastic to elastic 

stiffness, known as the stiffness ratio, r, and given by: 

K., a-8 
r=--=--

K, 1-8 
(2-12) 

where a· Ko is the stiffness (in absence of stability effects) of the strain hardening segment of a 

bilinear elastic-plastic material model. In this study, as shown in figure 2-2, the value of a=O.O 
is considered. 

The concept of ductility is often used when discussing inelastic structural behavior. The 

displacement ductility of a structure, /-1, is defined as: 

(2-13) 

improvement has not been quantified in this study as this recent development was brought to the authors' attention 
shortly before the publication of this report. 
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The ultimate displacement of the structure is designated as ~u, as shown on figure 2-2, the point 

at which the negative-slope, post-elastic lateral strength curve intersects the displacement axis. 

This theoretically implies that for any additional lateral displacement, lateral instability develops 

(i.e. lateral strength becomes negative for any additional positive displacement). The ductility at 

ultimate displacement, L1u, is known as the static stability limit, /1.1" and derived using the 

relationships given in (2-3) and (2-10): 

v = Vyo + K 2 . ~u = 0 

Vyo -6 ·Ko ·~u =0 

Vyo =Ko .~y =6 ·Ko ·~u 

which can also be written in terms of the stiffness ratio using (2-12): 

2.3 Hysteresis Center Curve Concept 

(2-14a) 

(2-14b) 

MacRae and Kawashima (1993) proposed the "hysteresis centre curve" (HCC) concept for 

analyzing the stability of general hysteresis loops. For the case of a bilinear system assumed for 

the analysis in this research, the HCC is a line parallel to the secondary stiffness that passes 

through the origin of the force-displacement space as pictured in figure 2-3. 

F F 

"""'~CC'" 

FIGURE 2-3 Force vs. Displacement Behavior for a dynamically 
(a) stable and (b) unstable bilinear system 
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The HCC characterizes a structure as follows: If the secondary stiffness, K2, is positive as shown 

in figure 2-3(a) the system is considered stable and after the structure yields, will tend to return 

towards the point of zero displacement upon repeated reverse cyclic yielding during ground 

shaking. However, if K2 is negative as shown in (b) of the same figure, the structure is deemed 

to be dynamically unstable. 

The dynamically unstable system will tend to drift in a given direction once yielding has started. 

This results in large cumulative residual displacements and low cyclic energy absorption. Due to 

these large displacements, structures may be difficult to straighten and may perform poorly in a 

subsequent earthquake. 

Some types of structures, such as reinforced concrete piers, will have a hysteresis loop which 

changes as the loading is occurring. This causes the point at which the HCC crosses the line of 

zero force to change from the initial location, even if the system response is stable. 

2.4 Use of Amplification Factors to account for P-A Effects 

Bernal (1987) investigated dynamic p-~ effects in elastic and inelastic systems through the use 

of amplification factors. The ratio between displacement spectra with and without gravity effects 

represents the amplification spectrum that will amplify the elastic displacement for design. 

Inelastic p-~ effects were generated using four ground motions for a series of time history 

analyses. Damping was held constant at 5 percent of critical while the target displacement 

ductility and stability coefficient were both varied, from one to six and zero to 0.2, respectively, 

providing a total of 192 amplification spectra. 

In the course of Bernal's parametric study, the target ductility was made to satisfy a maximum 

limit equal to O.4,Lls, based on the requirement that the structure must remain fit to resist the 

factored gravity load following the inelastic response. In addition, the derivation assumed that 

the post-earthquake permanent deformation was equal to the maximum response ductility. 

Based on a statistical analysis of the 192 spectra generated in the study, the following expression 

for the amplification factor was proposed: 
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1+ /36 a = ---'---
1-6 

(2-15 ) 

where regression analysis for the mean amplification yielded: 

f3 = 1.87· (u -1) (2-16) 

2.5 Residual Displacement Ratio Response Spectrum 

Kawashima et al. (1996) proposed a technique for characterizing residual displacements of a 

structure following a seismic event, known as the residual displacement ratio, SRDR. A SDOF 

oscillator with bilinear hysteretic restoring force was analyzed over a range of natural periods, 

stiffness ratios, and ductility for a number of ground motion time histories. Residual 

displacement ratio response spectra were designated as the plots of SRDR against the above

mentioned factors. 

Three parameters are necessary to calculate the maximum residual displacement of the SDOF 

bilinear oscillator: the stiffness factor, r, the displacement ductility, /-l, and the yield 

displacement, ~Y' The maximum residual displacement, illustrated in figure 2-4, is given by: 

F 

IF ) r(u -1) < 1 

f
(u -IXl- r )L1)' 

U
rmax = (1- r lA ----=----7) r(u -1) ~ 1 

r r y 
IF 

- Displacement 
i at End of 
. Analysis 

(2-17) 

___ ~ __ ~ __ ~ __ ~ __ ~ u ____ ~ ______ ----__ ~~~ __ ----~~u 

(a) r(Jl-l)< 1 (b) r(/-l-1 )~1 

FIGURE 2-4 Maximum Residual Displacement (Kawashima et al. 1996) 
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The authors proposed the residual displacement ratio defined as: 

SRDR = IUrl I Iu rmax 
(2-18) 

where Ur is the residual displacement of the structure. 

The stiffness ratio, r, was found to be the most significant factor controlling the residual 

displacement response ratio SRDR. Figure 2-5 shows the mean value of SRDR versus r, as proposed 

by the authors for use in seismic design based on analyses of 63 components of ground motion. 

This proposed spectrum can be used for any structures where the hysteresis loop shape may be 

reasonably approximated by a bilinear model. 
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FIGURE 2-5 Residual Displacement Ratio Response Spectra SRDR vs. Bilinear Factor r as 
Proposed for Design (Kawashima et al. 1996) 
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3.1 General 

SECTION 3 
EXPERIMENTAL SETUP 

The University at Buffalo Structural Engineering and Earthquake Simulation Laboratory (UB 

SEESL) features two shaking tables capable of simulating earthquake ground motions: a 

3.66 m x 3.66 m (12 ft x 12 ft), Five-Degree-of-Freedom Large Shaking Table and a smaller 

Single-Degree-of-Freedom (SDOF) Shaking Table. The latter was used for the experiments in 

this research and is described in Section 3.2. The test specimens are discussed in Section 3.3, 

followed by an overview of the test structure assembly, and the instrumentation thereof in 

Sections 3.4 and 3.5, respectively. Finally, the testing of the specimen, and the acquisition and 

reduction of the experimental data is described in Sections 3.6, 3.7, and 3.8, respectively. 

3.2 Description of UB SDOF Shaking Table 

3.2.1 Characteristics and Performance 

The SDOF shaking table mentioned in the previous section was used to conduct the testing 

program in this research. The 0.91 m x 1.52 m (3 ft x 5 ft) table is driven by a displacement 

controlled, 24.47 kN (5.5 kip) MTS actuator with two 56.78 lpm (15 gpm) servovalves, and 

travels on four Teflon bearings sliding on stainless steel plates. It has a payload capacity of at 

least 26.7 kN (6 kips) and can achieve accelerations ofO.8g (Constantinou et al. 1999). A 

photograph of the SDOF shaking table is shown in figure 3-1. The direction of shaking is 

parallel to the longitudinal axis of the table and is in the North-South direction of the UB SEESL. 

This will be referenced in later discussions of the setup. 

The displacement-controlled actuator accepts input from the controller in tenns of voltage. This 

is known as the "Span" setting on the MTS controller, and indicated as such in the tables oftest 

schedules and results. The maximum input span voltage of±lO volts results in an actuator 

displacment of ±76.2 mm (±3 in). 
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(a) 

(b) 

FIGURE 3-1 University at Buffalo SDOF Shaking Table 
(With Specimen 9 and instrumentation) 
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3.2.2 Selection of Ground Motion 

The ground acceleration time history for the El Centro SOOE-Imperial Valley Earthquake of 

May 1940, shown in figure 3-2, was used in this study. A displacement record was generated 

from this time history for use as input to the displacement-controlled actuator. The acceleration 

record was integrated twice with respect to time and subsequently corrected by linear regression. 

This integration technique resulted in an initial displacement, shown in figure 3-3, as commonly 

observed in the literature (Naeim 1989, Chopra 1995). This initial displacement was 

accommodated by slowly moving the table to this initial position at the beginning of each test. 

This was done over approximately twenty-four seconds at the beginning of the earthquake 

displacement record. Accurate reproduction of the acceleration time history was obtained with 

this correction. High frequency noise in the acceleration time history was obtained when this 

correction was not made. 

The initial displacement was applied in the following manner: First, at a parabolically increasing 

rate, followed by a linear ramp bringing the displacement of the table past that of the initial 

displacement, and finally, at a parabolically decreasing rate to smoothly link into the El Centro 

displacement record. The slopes of the added parabolic curves were adjusted to be tangents to 

zero, and to the linear segment. The final parabolic segment was made tangent to the earthquake 

record as well, to produce an interval of constant acceleration leading into the ground motion that 

would be identical to that of the original record, avoiding the introduction of sudden acceleration 

pulses. The final input displacement, and target table acceleration time histories, at maximum 

actuator displacement, are shown in figures 3-4 and 3-5, respectively. 

The El Centro ground motion was applied at the original time scale. However, there were a few 

instances where the largest peak ground acceleration (PGA) that could be produced by the table 

at that time scale was not sufficient to cause collapse of the specimen. In those instances, the 

time scale was compressed to half of the original length. These will be noted in the discussion of 

testing schedules. 

Also, note that unscaled ground motions were used as the specimens were designed to fit actual 

parameters of interest, and not intended to be scaled models of actual structures. 
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3.3 Description of Specimen 

3.3.1 General 

Fifteen specimens, each consisting of four columns, were tested to failure in the course of this 

research (An additional specimen was used for trial runs while developing the test program). 

These fifteen specimens were subdivided into three groups of five with slenderness ratios of 100, 

150, and 200. A variety of shapes were considered in the initial stages of this research, and a 

square cross-section was chosen for ease of fabrication, and to avoid problems associated with 

local buckling. Sizes were chosen based on the preliminary hand calculations in Appendix A, 

with final nominal sizes of specimen and masses used listed in table 3-1. The dimensions and 

mass used were varied within each respective group. A range of values for axial capacity versus 

demand, Pu/Pm was used for each slenderness ratio, where Pu is the weight of the mass plates 

used in the test, and Pn is the axial capacity of all columns in the specimen, calculated using the 

AISC-LRFD specifications (AISC 1994). This range of values is displayed graphically in 

figure 3-6. 

TABLE 3-1 Specimen Nominal Dimensions 

Specimen Height (mm) Width (mm) Mass/column (kg) 
1 137.41 4.76 35.6 
2 137.41 4.76 71.2 
3 91.69 3.18 71.2 
4 137.41 4.76 95.0 
5 91.69 2.83 95.0 

KLir = 100 
6 412.50 9.53 95.0 
7 343.15 7.94 95.0 
8 274.57 6.35 95.0 
9 206.25 4.76 95.0 
10 137.41 3.18 47.6 

KLir = 150 
11 549.91 9.53 71.2 
12 457.71 7.94 71.2 
13 366.52 6.35 71.2 
14 275.08 4.76 71.2 
15 183.39 3.18 35.6 

KLlr= 200 
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The specimens were fabricated at the University of Ottawa. Individual columns were cut from 

hot-rolled steel plate and then milled to size. A 50.8 mm (2 in) wide square by 12.7 mm (0.5 in) 

thick base plate was attached to the top and bottom of the column such that a rigid connection to 

both the shaking table and the mass plates above it could be provided. The columns were 

attached to base plates using silver solder and brazing to avoid loss of section as a result of 

welding. A sample column layout is shown in figure 3-7. 

A number of methods, as described in the following subsections, were used to analyze each 

specimen prior to testing to estimate its response. 
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FIGURE 3-7 General Specimen Dimensions and Conventions for Imperfection 
Measurements in the (a) U-D and (b) L-R Orientations 

3.3.2 General Specimen Properties 

Bilinear behavioral properties of the specimen tested, according to the model described in the 

previous chapter, are listed for the nominal and average dimensions in table 3-2 on the following 

page. The calculated fundamental period of the structure, including and excluding the P-L1 effect 

is listed in table 3-3 for both nominal and average dimensions for the specimens tested. 
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TABLE 3-3 Specimen Dynamic Properties 

Specimen 

1 

2 
4 
5b 
6 
7 
8 
9 
10 

lOb 
11 
12 
13 
14 

15 

Tno 
I 

(s) 
Nom Avg Nom 
0.191 0.189 0.198 
0.268 0.261 0.288 

0.309 0.311 0.340 

0.477 0.401 0.769 
0.402 0.410 0.423 
0.439 0.463 0.474 
0.491 0.543 0.556 
0.569 0.568 0.728 
0.495 0.504 0.663 
0.495 0.528 0.663 
0.537 0.552 0.576 
0.587 0.629 0.651 
0.657 0.727 0.782 
0.760 0.768 1.098 

0.663 0.679 1.041 

1: Excluding P-,:l Effect 
2: Including P-,:l Effect 

3.3.3 Predicted Elastic Limit Response 

Tnp 
2 

(s) 
Avg 

0.196 
0.279 
0.343 
0.533 
0.432 
0.503 
0.634 
0.727 
0.687 
0.750 
0.595 
0.709 
0.908 
1.123 

1.111 

A linear-elastic dynamic analysis was performed using NONLIN (Charney 1998) to find the 

1.5% damped elastic response spectrum for the EI Centro ground motion discussed previously in 

Section 3.2.2. The maximum PGA for which the maximum displacement of the specimen is 

equal to the yield displacement was calculated from this analysis. This data was used to 

determine the scaling factors for the earthquake excitation in developing a testing schedule for 

each specimen. 

3.3.4 Predicted Inelastic Limit Response 

Specimen behavior in the inelastic range was estimated using two methods of inelastic analysis. 

First, a nonlinear-inelastic time history analysis was performed on each specimen using 

NONLIN. Each specimen was modeled as a bilinear system with negative post yielding stiffness 

as described in the previous chapter on P-~ theory. The PGA of the ground motion was 

progressively increased until the maximum value at which the system remained stable was 

found. The program reports the model as being unstable when the relative displacement exceeds 
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the ultimate displacement, ~ll' as defined on the force-displacement curve of figure 2-2. 

Alternatively, the PGA causing instability can be defined as that which causes the secant 

stiffness to become negative. 

Second, the inelastic response of the structure was calculated using the inelastic spectrum 

technique (Reinhorn 1997). The elastic demand spectrum using the PGA previously found as 

being critical using NONLIN was used in this procedure. The capacity curve for each set was 

generated using the Nonlinear Static Procedure (NSP) or pushover method. In the case of the 

SDOF system studied, the capacity curve is the bilinear curve relating lateral force to the mass 

versus the resulting lateral displacement as shown on figure 2-2. 

3.4 Construction of Test Structure 

3.4.1 General 

Researchers attempting to analytically recreate tests must have data fully describing the 

experimental setup. Imperfections of the fabricated specimen columns are addressed in 

section 3.4.2. The construction sequence for the specimen is outlined in section 3.4.3. Lateral 

bracing of the test structure is described in section 3.4.4. 

3.4.2 Measurement of Initial Imperfections 

Imperfections exist in any fabricated structure. These initial imperfections have a significant 

impact on the behavior and must be known if accurate analysis is to follow. Thus, each column 

in each specimen was measured in a variety of ways prior to testing. One base plate for each 

column of a specimen was designated as the top and marked with an arrow, establishing a 

reference point from which all measurements are related. References with respect to the 

direction this arrow is pointing are referred to as the "Up-Down" and "Left-Right" orientations, 

hereafter known as "U-D" and "L-R", as shown in figure 3-7. 

A graphical description of all types of imperfections considered is also defined on figures 3-8 

and 3-9 such that the values tabulated can be properly incorporated into analytical models. Sign 

conventions adopted for each of the major dimensions tabulated are shown on the corresponding 

figure. 
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The width of each column was measured at the top, middle, and bottom in each direction and 

noted as WI, W2, and W3, respectively. As shown in figure 3-8, the free height between base 

plates, 11 and 12 are used to calculate the angle of bowing of the specimen given by: 

e 2 ·-1 
b = xsm 

(II -l;{) 
50.8mm 

where: 

11,12 = Lengths of column shown in figure 3-7 (a) and (b) 

50.Bmm (2in) = Nominal base plate width. 

(3-1) 

EJ 
50.8mm) 

I- ~. ~I 

¥=I'~ 
50.8mm) 
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FIGURE 3-8 Angle of Bowing in (a) U-D and (b) L-R Orientations 

The lateral shifts of the top of the column with respect to the bottom, v 1 and V2, were measured at 

each comer of top base plates for each specimen. These measurements were made with respect 

to the bottom base plate, allowing two important calculations to be made: the average uniform 

lateral shift over the height, VUI1 i[, as well as the angle of twist over the height, rjJ, which are given 

by the following: 

v . =(VI +V2) 
unif 2 (3-2) 

n. . -I ( vI - v2 ) 'f'=sm 
50.8mm 

(3-3) 
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where: 

(a) 

(b) 

V}, V2 = Lateral shifts of column base plate comer shown in figure 3-9 ( a) and (b) 

50.Bmm (2in) = Nominal base plate width. 

--- --. 
I 
I 
I 
I 

I LL LJJ~-- ----~ ~ 
Vunif V1 V2 ~ 

t t /T///t 

I 
I 
I 
I 

LL 
____ 2 v,:I 

-r-t ---r"t-/."7'"'""':l7/......-r7-r-"7'7'"""T"t 

Top View Elevation View 

FIGURE 3-9 Lateral Shift & Angle of Twist in (a) U-D and (b) L-R Orientations 

The measured quantities Wi, W2, W3, I}, h V}, and V2 for both the U-D and L-R orientations are 

tabulated for each column of all specimens in table 3-4. This table also includes the measured 

value of base plate width for each orientation so that the true value can be used in the calculation 

of ()b and ¢> by (3-1) and (3-3) in place of the nominal width given above. Resulting properties 

calculated from those dimensions are listed in table 3-5, namely, average specimen width and 

height, wavg and Lavg, respectively, as well as, imperfections ()b, VlInif, and ¢>. 

The uniform lateral shift, Vzmif, was used to determine the orientation of each individual column. 

Orientations were chosen to minimize the net sum of lateral shifts for all of the columns parallel 

to or perpendicular to the direction of shaking. The locations and orientations of each column, 

with appropriate sign conventions, are listed in table 3-6. 
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TABLE 3-4 Measured Column Dimensions (mm) 

Orientation 

Specimen 1 
V-D) 4.85 4.80 4.80 50.9 50.7 137.4 136.7 1.96 1.69 
L-R) 4.90 4.90 4.78 50.9 50.9 136.4 137.6 1.14 0.57 

V-D2 4.79 4.79 4.76 50.9 50.8 136.9 137.8 -1.31 -1.09 
L-R2 4.79 4.79 4.75 51.0 51.0 137.5 137.4 0.70 0.90 

V-D3 4.72 4.72 4.79 50.8 50.8 137.5 136.9 1.16 0.84 

L-R3 4.74 4.72 4.79 50.9 51.1 137.4 137.1 -0.75 -0.46 

V-D4 4.75 4.74 4.76 50.7 50.7 136.6 137.6 2.32 1.66 

L-~ 4.72 4.72 4.80 50.8 50.9 136.4 137.8 2.88 3.21 

Specimen 2 
V-D) 4.76 4.76 4.78 51.2 50.9 136.9 137.5 0.95 0.60 
L-R) 4.93 4.94 4.98 51.1 51.1 137.0 137.3 -0.58 -0.83 
V-D2 4.97 4.95 4.95 50.9 50.9 137.5 137.3 0.58 0.37 
L-R2 4.83 4.78 4.80 51.1 51.1 137.6 137.2 -2.08 -2.13 

V-D3 4.78 4.78 4.78 50.9 50.9 136.6 137.7 0.57 2.79 

L-R3 4.94 4.95 4.94 50.9 51.1 137.1 137.0 1.09 3.19 
V-D4 4.94 4.97 4.95 50.9 50.9 138.4 137.4 -4.15 -2.98 

L-~ 4.80 4.80 4.78 51.1 51.0 138.4 137.3 -2.01 -0.46 

Specimen 3 
V-D) 3.14 3.12 3.14 50.8 50.9 90.9 91.5 -0.98 -2.03 
L-R) 3.19 3.19 3.20 51.1 51.0 91.0 91.5 1.98 0.90 
V-D2 3.21 3.21 3.24 50.9 50.8 92.5 91.5 -1.65 -2.34 
L-R2 3.14 3.15 3.15 50.9 50.9 92.6 91.4 0.00 -0.43 

V-D3 3.15 3.16 3.18 50.8 50.9 93.1 92.0 -1.70 -1.70 

L-R3 3.19 3.21 3.23 50.8 50.9 92.8 92.3 -2.27 -1.96 

V-D4 3.16 3.18 3.18 50.8 50.8 91.5 90.9 -1.17 -1.83 

L-~ 3.14 3.14 3.18 50.7 50.9 91.9 90.6 -0.51 1.69 

Specimen 4 
V-D) 4.76 4.78 4.76 51.0 50.9 137.6 137.4 1.92 2.81 
L-R) 4.97 4.95 4.97 51.1 51.1 137.0 137.9 -3.10 -2.25 

V-D2 4.76 4.76 4.76 51.0 50.9 137.6 137.3 -1.19 0.34 
L-R2 4.93 4.93 4.93 50.9 50.9 137.6 137.2 -1.03 -3.18 

V-D3 4.78 4.78 4.78 50.8 51.0 137.4 138.0 1.51 1.33 
L-R3 4.89 4.90 4.90 50.9 51.1 137.3 138.2 2.55 2.64 
V-D4 4.52 4.50 4.62 50.9 50.9 137.6 137.3 0.25 0.43 
L-~ 4.61 4.62 4.57 51.0 50.9 137.1 137.8 -0.43 -0.38 

26 



TABLE 3-4 (cont'd) Measured Column Dimensions (mm) 

Orientation 

Specimen 5 
V-DJ 3.19 3.24 3.21 50.8 50.8 91.9 92.8 -0.75 -2.02 
L-RJ 3.14 3.14 3.14 50.8 50.7 92.4 92.2 2.20 0.77 
V-D2 3.15 3.15 3.14 50.7 50.8 91.6 92.0 -0.32 -1.31 
L-R2 3.23 3.23 3.23 50.8 50.7 92.0 91.6 3.39 2.26 
V-D3 3.18 3.24 3.19 50.8 50.9 90.9 92.9 -3.35 -1.92 
L-R3 3.14 3.14 3.15 50.8 50.8 92.4 91.5 1.38 2.79 
V-D4 3.16 3.16 3.16 50.8 51.0 90.6 92.4 -3.18 -2.46 
L-~ 3.11 3.12 3.12 50.8 50.7 92.0 91.0 -1.77 -1.00 

Specimen 5b 
V-DJ 2.82 2.82 2.82 51.0 50.9 91.6 91.8 -0.41 0.20 
L-RJ 2.84 2.84 2.84 50.9 50.8 91.8 91.5 0.79 1.27 
V-D2 2.88 2.86 2.87 50.8 51.2 91.9 91.5 -0.25 0.30 
L-R2 2.92 2.92 2.93 50.9 50.8 92.0 91.5 -0.84 -0.36 
V-D3 2.84 2.83 2.83 50.9 50.8 91.8 91.5 0.13 0.05 
L-R3 2.84 2.84 2.84 50.8 50.9 91.5 91.7 -0.46 -0.30 
V-D4 2.82 2.92 2.88 50.9 50.9 91.6 92.0 -1.32 -0.97 
L-~ 2.83 2.86 2.86 50.9 50.9 92.1 91.4 -0.03 0.53 

Specimen 6 
V-DJ 9.16 9.16 9.19 50.8 50.8 412.2 412.5 1.09 0.30 
L-RJ 9.64 9.58 9.61 50.8 50.8 412.1 412.6 -5.36 -5.46 
V-D2 9.46 9.46 9.45 51.0 50.8 412.1 412.1 -5.64 -6.60 
L-R2 9.46 9.37 9.46 50.8 50.9 412.3 411.7 -0.81 -1.02 
V-D3 9.63 9.59 9.58 51.1 51.1 412.7 412.4 -2.92 -2.87 
L-R3 9.25 9.16 9.19 50.8 50.9 412.8 412.2 -5.66 -5.41 
V-D4 9.21 9.16 9.17 50.8 50.7 412.4 412.6 3.10 3.18 
L-~ 9.66 9.63 9.60 50.8 50.7 412.6 412.6 0.79 5.33 

Specimen 7 
V-DJ 7.91 7.82 7.80 51.1 50.8 343.0 344.3 -0.46 1.22 
L-RJ 7.66 7.54 7.61 50.7 50.8 343.7 343.7 3.30 4.78 
V-D2 7.89 7.89 7.89 51.0 51.1 343.4 343.5 -1.02 1.22 
L-R2 7.57 7.59 7.61 51.1 50.8 343.5 343.8 0.08 1.63 
V-D3 7.67 7.58 7.65 50.8 50.8 343.9 344.1 -2.46 0.28 
L-R3 7.94 7.89 7.90 50.8 50.9 344.3 343.6 -1.52 1.22 
V-D4 7.90 7.87 7.90 50.9 50.9 343.6 343.4 -4.83 3.35 
L-~ 7.62 7.61 7.61 50.7 50.9 343.6 343.6 -0.38 0.89 
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TABLE 3-4 (cont'd) Measured Column Dimensions (mm) 

Orientation 

Specimen 8 
V-DJ 5.74 5.82 5.75 50.7 51.0 274.8 274.4 0.40 0.79 
L-RJ 6.26 6.32 6.25 50.8 50.9 274.5 274.4 0.40 0.79 
V-D2 6.27 6.27 6.32 50.7 50.7 274.1 274.6 0.00 0.00 
L-R2 5.68 5.80 5.88 50.8 51.0 274.2 274.3 3.18 3.97 
V-D3 5.82 5.78 5.85 51.1 51.1 274.6 274.8 2.78 3.18 
L-R3 6.30 6.27 6.31 50.9 50.9 274.2 275.l 0.00 0.00 
V-D4 6.29 6.29 6.34 51.0 50.8 274.4 274.2 -2.38 -1.59 
L-~ 5.78 5.75 5.72 50.9 50.8 274.3 274.3 -0.79 0.00 

Specimen 9 

V-DJ 4.74 4.72 4.71 50.7 51.0 205.8 205.6 1.59 1.59 
L-RJ 4.80 4.79 4.80 50.8 50.9 205.7 205.6 0.79 1.19 
V-D2 4.78 4.75 4.74 50.9 51.1 206.9 205.3 -0.40 0.00 
L-R2 4.79 4.76 4.76 50.8 50.9 206.1 206.1 -3.18 -1.98 
V-D3 4.70 4.71 4.71 50.9 50.8 205.0 206.l 0.00 0.00 
L-R3 4.76 4.78 4.76 50.7 50.7 205.4 205.7 2.38 2.38 
V-D4 4.76 4.78 4.74 50.9 50.9 205.6 206.0 -2.38 -2.78 
L-~ 4.80 4.79 4.79 51.0 50.9 206.2 205.6 -0.40 -0.79 

SpecImen 10 
V-DJ 3.15 3.14 3.15 51.3 51.1 l36.6 l37.3 -3.48 -3.48 
L-RJ 3.14 3.l9 3.15 51.1 50.9 137.l l37.1 -2.40 -2.31 
V-D2 3.15 3.16 3.15 50.9 50.9 l37.2 l37.0 2.86 2.82 
L-R2 3.12 3.16 3.l4 50.8 51.2 l37.0 l37.2 2.31 2.41 
V-D3 3.14 3.14 3.14 51.2 50.7 l36.9 l37.1 1.37 1.37 
L-R3 3.11 3.12 3.15 50.7 50.8 l36.9 l37.1 -2.79 -2.71 
V-D4 3.l1 3.l1 3.l6 51.0 50.8 l36.7 137.2 1.24 0.76 
L-~ 3.11 3.12 3.15 50.8 50.8 l36.9 l37.0 3.76 3.89 

Specimen 10b 
V-DJ 2.82 2.87 2.81 51.0 51.0 l37.6 l37.6 0.05 0.33 
L-RJ 2.84 2.84 2.82 50.9 50.9 l37.5 l37.6 0.66 0.84 
V-D2 2.83 2.84 2.86 51.0 51.1 l37.4 l37.6 -0.66 -0.38 
L-R2 2.86 2.88 2.82 50.8 50.9 l37.6 l37.3 0.43 0.43 
V-D3 2.82 2.81 2.82 51.0 51.2 l37.4 l37.5 0.00 0.08 
L-R3 2.79 2.79 2.92 50.8 50.9 l37.4 l37.4 1.52 2.03 
V-D4 2.90 2.92 2.91 51.1 51.1 l37.2 l37.3 0.36 0.64 
L-~ 2.83 2.83 2.83 50.9 50.9 l37.1 l37.4 0.38 0.l3 
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TABLE 3-4 (cont'd) Measured Column Dimensions (mm) 

Orientation 

Specimen 11 

U-DJ 9.14 9.18 9.22 50.9 50.9 549.3 550.1 11.07 9.22 

L-RJ 9.59 9.61 9.60 51.0 51.2 549.7 550.1 5.46 3.84 

U-D2 9.27 9.23 9.39 50.9 50.8 549.3 548.9 2.31 2.41 

L-R2 9.46 9.47 9.50 50.9 51.1 548.9 549.3 -3.84 -3.78 

U-D3 9.66 9.60 9.61 51.0 50.9 549.7 550.1 1.78 2.26 

L-R3 9.21 9.19 9.23 51.0 51.1 549.7 549.7 -0.64 -1.96 

U-D4 9.17 9.18 9.23 50.8 51.1 549.3 549.3 12.62 4.19 

L-~ 9.59 9.58 9.55 50.8 51.0 549.3 549.7 4.01 -2.84 

Specimen 12 

U-DJ 7.63 7.59 7.59 51.0 50.8 458.5 457.8 -2.24 0.71 

L-RJ 7.90 7.89 7.90 50.8 50.9 458.0 458.1 -4.57 -3.56 

U-D2 7.59 7.59 7.59 51.0 50.8 456.4 458.5 -9.86 -11.94 

L-R2 7.87 7.87 7.90 50.9 50.9 458.5 456.7 10.44 15.37 

U-D3 7.61 7.63 7.67 50.9 50.7 458.4 458.9 4.65 5.38 

L-R3 7.87 7.94 7.92 50.7 50.9 458.5 458.9 -0.56 -0.05 

U-D4 7.61 7.57 7.59 50.8 50.8 458.1 458.6 2.03 3.89 

L-~ 7.75 7.87 7.89 50.8 50.9 458.8 458.1 4.88 7.77 

Specimen 13 

U-DJ 5.79 5.77 5.73 51.0 50.7 366.2 365.9 1.27 1.57 

L-RJ 6.32 6.32 6.30 50.7 50.8 366.1 366.1 -3.81 -2.67 

U-D2 6.29 6.29 6.31 50.7 51.0 366.5 365.6 0.53 0.53 

L-R2 5.65 5.65 6.02 50.8 50.9 365.9 366.1 0.46 0.56 

U-D3 6.32 6.31 6.31 50.7 50.7 366.0 366.4 -0.25 0.79 

L-R3 5.77 5.77 5.72 50.8 50.8 366.1 366.3 1.14 2.34 

U-D4 6.32 6.32 6.32 51.0 50.7 366.6 365.4 0.58 0.46 

L-~ 5.78 5.77 5.72 50.9 50.7 365.7 366.2 -3.78 -4.06 

Specimen 14 

U-DJ 4.76 4.78 4.83 50.7 50.7 275.4 274.3 0.00 0.00 

L-RJ 4.74 4.74 4.78 50.9 50.8 274.6 274.9 -3.18 -2.78 

U-D2 4.76 4.75 4.75 51.1 51.0 275.5 276.0 -0.79 0.79 

L-R2 4.75 4.75 4.76 50.8 50.8 276.0 275.6 -1.19 0.00 

U-D3 4.76 4.76 4.76 51.1 51.0 274.8 275.0 2.38 2.38 

L-R3 4.71 4.71 4.69 50.7 50.8 275.6 274.2 -1.59 -1.19 

U-D4 4.71 4.70 4.71 50.9 50.8 275.8 275.1 0.00 0.79 

L-~ 4.78 4.75 4.80 51.0 50.8 275.6 275.5 1.59 2.38 
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TABLE 3-4 (cont'd) Measured Column Dimensions (mm) 

Orientation 

Specimen 15 
U-DJ 3.15 3.12 3.12 51.1 51.1 182.9 183.0 3.40 3.47 
L-RJ 3.16 3.14 3.12 51.0 50.9 182.8 183.2 2.96 2.79 
U-D2 3.12 3.12 3.12 50.7 50.7 181.5 184.0 -2.71 -3.11 
L-R2 3.11 3.11 3.16 50.8 50.8 183.0 182.4 6.71 6.44 
U-D3 3.14 3.16 3.15 50.8 51.0 183.2 182.3 1.08 -0.76 
L-R3 3.11 3.12 3.12 50.9 50.8 182.7 182.8 1.32 0.36 
U-D4 3.12 3.12 3.15 50.8 50.8 183.2 182.0 -1.37 -1.21 
L-~ 3.11 3.11 3.15 50.9 50.9 183.1 182.3 1.07 1.10 
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Orientation 

V-D1 
L-R1 
V-D2 
L-R2 
V-D3 

L-R3 

V-D4 
L-~ 

V-D1 
L-R1 
V-D2 
L-R2 
V-D3 

L-R3 

V-D4 
L-~ 

V-D1 
L-R1 
V-D2 
L-R2 
V-D3 

L-R3 

V-D4 
L-~ 

V-D1 
L-R1 
V-D2 
L-R2 
V-D3 

L-R3 

V-D4 
L-~ 

TABLE 3-5 Calculated Column Dimensions 

Wavg 
(mm) 

4.82 
4.86 
4.78 
4.78 
4.75 
4.75 
4.75 
4.75 

4.77 
4.95 
4.96 
4.80 
4.78 
4.94 
4.95 
4.79 

3.13 
3.19 
3.22 
3.15 
3.16 
3.21 
3.17 
3.15 

4.77 
4.96 
4.76 
4.93 
4.78 
4.90 
4.55 
4.60 

Lavg 
(mm) 

Specimen 1 
137.1 
137.0 
137.4 
137.4 
137.2 
137.3 
137.1 
137.1 

SpeCImen 2 
137.2 
137.2 
137.4 
137.4 
137.1 
137.1 
137.9 
137.8 

SpeCImen 3 
91.2 
91.2 
92.0 
92.0 
92.5 
92.6 
91.2 
91.3 

SpeCImen 4 
137.5 
137.5 
137.5 
137.4 
137.7 
137.8 
137.4 
137.5 
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0.759 
-1.387 
-1.016 
0.143 
0.659 
0.314 
-1.220 
-1.560 

-0.613 
-0.356 
0.243 
0.413 
-1.344 
0.043 
1.130 
1.213 

-0.701 
-0.584 
1.188 
1.402 
1.274 
0.487 
0.716 
1.476 

0.214 
-1.039 
0.414 
0.386 
-0.672 
-0.970 
0.386 
-0.742 

Vunif 
(mm) 

1.82 
0.86 
-1.20 
0.80 
1.00 

-0.60 
1.99 
3.05 

0.77 
-0.70 
0.48 
-2.11 
1.68 
2.14 
-3.57 
-1.23 

-1.50 
1.44 

-1.99 
-0.22 
-1.70 
-2.11 
-1.50 
0.59 

2.36 
-2.67 
-0.43 
-2.10 
1.42 
2.60 
0.34 
-0.41 

0.301 
0.643 
-0.243 
-0.228 
0.358 
-0.328 
0.746 
-0.372 

0.399 
0.270 
0.243 
0.057 
-2.503 
-2.356 
-1.316 
-1.741 

1.188 
1.212 
0.773 
0.486 
0.000 
-0.358 
0.745 
-2.479 

-1.000 
-0.954 
-1.729 
2.418 
0.200 
-0.100 
-0.200 
-0.057 



TABLE 3-5 (cont'd) Calculated Column Dimensions 

Orientation wavg Lavg ~ Vunif ¢J 
(mm) (mm) (deg) (mm) (deg) 

Specimen 5 

U-Dl 3.21 92.4 -1.002 -1.38 1.431 

L-Rl 3.14 92.3 0.272 1.49 1.605 
U-D2 3.15 91.8 -0.445 -0.81 1.119 
L-R2 3.23 91.8 0.358 2.83 1.276 

U-D3 3.20 91.9 -2.290 -2.64 -1.617 

L-R3 3.14 91.9 0.960 2.09 -1.590 
U-D4 3.16 91.5 -2.030 -2.82 -0.801 

L-~ 3.12 91.5 1.175 -1.38 -0.860 

Specimen 5b 

U-Dl 2.82 91.7 -0.186 -0.10 -0.685 
L-Rl 2.84 91.6 0.272 1.03 -0.544 
U-D2 2.87 91.7 0.414 0.03 -0.628 
L-R2 2.93 91.8 0.487 -0.60 -0.544 

U-D3 2.84 91.7 0.315 0.09 0.086 

L-R3 2.84 91.6 -0.272 -0.38 -0.172 

U-D4 2.87 91.8 -0.429 -1.14 -0.400 

L-~ 2.85 91.7 0.830 0.25 -0.629 

Specimen 6 
U-Dl 9.17 412.3 -0.329 0.70 0.888 
L-Rl 9.61 412.3 -0.573 -5.41 0.115 
U-D2 9.46 412.1 0.000 -6.12 1.087 
L-R2 9.43 412.0 0.644 -0.91 0.229 

U-D3 9.60 412.5 0.327 -2.90 -0.057 
L-R3 9.20 412.5 0.701 -5.54 -0.286 
U-D4 9.18 412.5 -0.143 3.14 -0.086 
L-~ 9.63 412.6 -0.029 3.06 -5.140 

Specimen 7 

U-Dl 7.84 343.7 -1.457 0.38 -1.885 
L-Rl 7.60 343.7 0.000 4.04 -1.663 
U-D2 7.89 343.5 -0.114 0.10 -2.511 
L-R2 7.59 343.6 -0.329 0.85 -1.743 
U-D3 7.63 344.0 -0.186 -1.09 -3.096 

L-R3 7.91 343.9 0.787 -0.15 -3.091 
U-D4 7.89 343.5 0.172 -0.74 -9.250 
L-~ 7.61 343.6 0.029 0.25 -1.433 
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TABLE 3-5 (cont'd) Calculated Column Dimensions 

Orientation 

U-D, 
L-R, 
U-D2 
L-R2 
U-D3 

L-R3 

U-D4 
L-~ 

U-D, 
L-R, 
U-D2 
L-R2 
U-D3 

L-R3 

U-D4 
L-~ 

U-D, 
L-R, 
U-D2 
L-R2 
U-D3 

L-R3 

U-D4 
L-~ 

U-D, 
L-R, 
U-D2 
L-R2 
U-D3 

L-R3 

U-D4 
L-~ 

Wavg 
(mm) 

5.77 
6.28 
6.29 
5.79 
5.82 
6.29 
6.30 
5.75 

4.72 
4.80 
4.75 
4.77 
4.71 
4.77 
4.76 
4.79 

3.15 
3.16 
3.15 
3.14 
3.14 
3.13 
3.13 
3.13 

2.83 
2.84 
2.84 
2.85 
2.82 
2.84 
2.91 
2.83 

Lavg 
(mm) 

Specimen 8 
274.6 
274.5 
274.4 
274.2 
274.7 
274.7 
274.3 
274.3 

Specimen 9 
205.7 
205.7 
206.1 
206.1 
205.6 
205.6 
205.8 
205.9 

0.429 
0.072 
-0.545 
-0.114 
-0.214 
-1.044 
0.143 
0.000 

0.186 
0.115 
1.725 
-0.057 
-1.202 
-0.387 
-0.472 
0.642 

Specimen 10 
136.9 -0.782 
137.1 0.043 
137.1 0.243 
137.1 -0.314 
137.0 -0.143 
137.0 -0.143 
137.0 -0.544 
136.9 -0.143 

Specimen lOb 
137.6 0.057 
137.5 -0.072 
137.5 -0.271 
137.4 0.372 
137.4 -0.057 
137.4 -0.014 
137.2 -0.057 
137.3 -0.329 
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Vunif 
(mm) 

0.60 
0.60 
0.00 
3.57 
2.98 
0.00 
-1.98 
-0.40 

1.59 
0.99 
-0.20 
-2.58 
0.00 
2.38 
-2.58 
-0.60 

-3.48 
-2.36 
2.84 
2.36 
1.37 
-2.75 
1.00 
3.82 

0.19 
0.75 
-0.52 
0.43 
0.04 
1.78 
0.50 
0.25 

-0.447 
-0.448 
0.000 
-0.893 
-0.445 
0.000 
-0.894 
-0.894 

0.000 
-0.447 
-0.446 
-1.342 
0.000 
0.000 
0.447 
0.446 

0.000 
-0.100 
0.043 
-0.114 
0.000 
-0.100 
0.544 
-0.143 

-0.314 
-0.200 
-0.314 
0.000 
-0.085 
-0.573 
-0.313 
0.286 



TABLE 3-5 (cont'd) Calculated Column Dimensions 

Orientation wavg Lavg ~ Vunif t/J 
(mm) (mm) (deg) (mm) (deg) 

Specimen 11 
V-D, 9.18 549.7 -0.894 10.15 2.088 
L-R, 9.60 549.9 -0.445 4.65 l.823 
V-D2 9.30 549.1 0.447 2.36 -0.114 
L-R2 9.48 549.1 -0.446 -3.81 -0.057 

V-D3 9.63 549.9 -0.447 2.02 -0.543 
L-R3 9.21 549.7 0.000 -l.30 1.483 
V-D4 9.19 549.3 0.000 8.41 9.528 
L-~ 9.57 549.5 -0.447 0.58 7.743 

SpeClmen 12 
V-D, 7.61 458.2 0.729 -0.76 -3.320 
L-R, 7.90 458.1 -0.100 -4.06 -l.145 
V-D2 7.59 457.4 -2.445 -10.90 2.346 
L-R2 7.88 457.6 l.960 12.90 -5.559 
V-D3 7.64 458.6 -0.530 5.02 -0.831 
L-R3 7.91 458.7 -0.401 -0.30 -0.573 
V-D4 7.59 458.3 -0.573 2.96 -2.093 
L-~ 7.84 458.4 0.801 6.32 -3.264 

Specimen 13 
V-D, 5.76 366.1 0.386 l.42 -0.344 
L-R, 6.32 366.1 0.000 -3.24 -l.291 
V-D2 6.29 366.1 0.959 0.53 0.000 
L-R2 5.77 366.0 -0.186 0.51 -0.115 
V-D3 6.32 366.2 -0.531 0.27 -l.176 
L-R3 5.75 366.2 -0.200 l.74 -1.346 
V-D4 6.32 366.0 l.318 0.52 0.143 
L-~ 5.75 366.0 -0.573 -3.92 0.315 

Specimen 14 
V-D, 4.79 274.9 l.277 0.00 0.000 
L-R, 4.75 274.7 -0.329 -2.98 -0.447 
V-D2 4.75 275.7 -0.570 0.00 -l.782 
L-Rz 4.75 275.8 0.372 -0.60 -l.343 
V-D3 4.76 274.9 -0.314 2.38 0.000 
L-R3 4.70 274.9 1.534 -l.39 -0.448 
V-D4 4.71 275.5 0.730 0.40 -0.895 
L-~ 4.78 275.5 0.114 l.98 -0.894 
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TABLE 3-5 (cont'd) Calculated Column Dimensions 

Orientation wavg Lavg ~ Vunif f/J 
(mm) (mm) (deg) (mm) (deg) 

SpeCImen 15 
U-DJ 3.13 182.9 -0.100 3.44 -0.071 
L-RJ 3.14 183.0 -0.429 2.88 0.186 
U-Dz 3.12 182.8 -2.725 -2.91 0.459 
L-Rz 3.13 182.7 0.630 6.57 0.301 
U-D3 3.15 182.8 0.929 0.16 2.074 
L-R3 3.12 182.7 -0.129 0.84 1.088 
U-D4 3.13 182.6 1.332 -1.29 -0.186 
L-~ 3.12 182.7 0.930 1.09 -0.043 
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TABLE 3-6 Column Locations and Orientations, kL/r =100 

Column Index I Location Orientation 

Specimen 1 
NW 4 

2 NE 
3 SW 4 
4 SE 1 

Specimen 2 
NW 2 

2 NE 
3 SW 4 
4 SE 

Specimen 3 
NE 4 

2 SW 1 
3 NW 2 
4 SE 1 

Specimen 4 
1 NW 2 
2 NE 4 
3 SW 4 
4 SE 4 

Specimen 5 
1 NW 3 
2 NE 4 
3 SE 
4 SW 1 

Specimen 5b 
1 NW 
2 NE 1 
3 SW 1 
4 SE 4 

EJ(g~ 
~~r~ 

t!JGwEJ 
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TABLE 3-6 (cont'd) Column Locations and Orientations, kL/r =150 

Column Index I Location Orientation 

Specimen 6 
1 NW 1 

2 SW 3 
3 NE 2 

4 SE 2 

Specimen 7 

NE 2 

2 SW 3 
3 NW 2 

4 SE 2 

Specimen 8 

1 NW 
2 NE 1 

3 SE 4 
4 SW 4 

Specimen 9 

1 NW 4 
2 NE 
3 SW 
4 SE 4 

Specimen 10 

NW 2 
2 SW 3 
3 NE 3 
4 SE 

Specimen lOb 

NW 
2 NE 
3 SW 
4 SE 4 

EJ~!8~ 
EJ~ 

[!JGw~ 
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TABLE 3-6 (cont'd) Column Locations and Orientations, kL/r =200 

Column Index I Location Orientation 

Specimen 11 
1 NW 2 
2 SW 1 
3 SE 2 
4 NE 4 

Specimen 12 
NW 4 

2 NE 4 
3 SW 4 
4 SE 2 

Specimen 13 

NW 1 
2 NE 2 
3 SW 3 
4 SE 3 

Specimen 14 
1 SE 1 
2 NE 3 
3 SW 3 
4 NW 4 

Specimen 15 
NW 2 

2 NE 4 
3 SW 3 
4 SE 1 

EJ~8~ 
~J~ 

[!][3wEJ 
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3.4.3 Construction Sequence 

The assembly of the columns and mass plates into a specimen test structure on the SDOF 

shaking table consisted of the following steps: 

1. Stack and bolt together steel mass plates for specimen. 

2. Lightly bolt bottom plate of each column to the base plate on shaking table. 

3. Hoist mass plates with overhead crane. 

4. Ensure the mass plates are level upon hoisting, adjust as necessary. 

5. Use vertical guides to center the plates in position above the specimen. 

6. Lower with crane until approximately 5 mm above top plates of columns, then slowly 

release the turnbuckle, pictured in figure 3-10, to gently bring mass plates down onto 

columns in controlled manner. 

7. Fasten top plate bolts as mass is lowered. 

8. Attach cross bracing, then remove crane and vertical positioning guides. 

Generally, this construction sequence proved adequate. However, as described later, problems 

were encountered in a few cases in spite of the careful procedure outlined above. 

FIGURE 3-10 Construction of a Typical Test Structure 
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3.4.4 Lateral Bracing 

Thin metal strips were used as cross bracing to prevent out-of-plane movement and torsion on 

the columns of the test structure during each test. The strips were sufficiently thin to add only a 

negligible stiffness in the direction of shaking. This was verified analytically, as well as by free 

vibration tests using a spare set of specimen columns which showed no change in the period of 

the structure with and without the addition of the metal strip bracing. Sample calculations and 

test results are in Appendix B. 

The free vibration tests were also used to investigate the impact of the bracing strips on the 

damping of the structure. The damping ratio for the structure was calculated from the free 

vibration curves using the logarithmic decrement method (Chopra 1995). Results are presented 

in Appendix B for the test using the spare columns. There appears to be no significant change in 

damping between the bare and braced specimen. 

Note that the strips were attached to the top and bottom base plates using a polyurethane material 

to provide additional flexibility in accommodating specimens with excessive initial 

imperfections. A typical cross bracing attachment is shown from various orientations and with 

details in figure 3-11. The gauge length along the diagonal of each specimen, assuming the 

absence of initial imperfections in all four columns, was calculated. Steel strips were machined 

such that the distance between connection holes at the ends was 50.8 mm (2 in) shorter than this 

value, and a.,s such, the polyurethane band was used to bridge the remaining distance. 

The polyurethane material was machined to a final size of 57.15 mm (2.25 in) long by 19.05 mm 

(% in) wide by 3.175 mm (118 in) thick. Holes were drilled on the longitudinal centerline axis at 

a gauge length of 50.4 mm (2 in). Simple single-point beam load tests were performed to 

estimate the elastic properties of the polyurethane material. These results are presented in 

Appendix B. 

40 



(a) Overall View (Side Details shown in insets) (b) Side View 

(c) Detail of Cross Bracing Attached to Lower Base Plate 

FIGURE 3-11 Cross Bracing Attached to specimen 

3.5 Instrumentation of Specimen 

3.5.1 General 

Instrumentation was designed to record structural response in a number of ways. Eight channels 

of data were collected for each test: four channels of displacement data, three channels of 
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acceleration data, and one channel of strain gage data. A schematic of the test setup and 

instrumentation is shown in figure 3-12. 

LEGEND: 

O ....:t..... .r----..I~ DISPLACEMENT TRANSDUCER CHANNEL 

~ ACCELEROMETER CHANNEL 

o STRAIN GAGE CHANNEL 
INITIAL DEFORMED 

D HOREAST 
HORWEST 

AccEAST 

~...,I;;;;;;;"' __ ...L. __ P_O_SI_T_IO-.N _ f_ ~O~'T'ON 
1----

ACCWEST 

MASS PLATES 

----I--~------I~ '-T- '-T-
I I 

I I 
~ ~ 

/ / 
/ / COLUMN HEIGHT = 

,/ ,/ 
/ / 

/ / 
~ ~ 

I I 

DUG 

SDOF SHAKING TABLE 

AccTBL 
DIRECTION OF SHAKING 

FIGURE 3-12 Schematic of Test Setup and Instrumentation (Looking West) 

3.5.2 Displacement Measurements 

3.5.2.1 General 

MTS Temposonics® displacement transducers were used for displacement measurements during 

the tests. Four channels were recorded during each test: Displacement of the table (labeled UG 

in tables and figures), Vertical displacement of the mass (labeled Vert), and two channels of total 

horizontal displacement, measured at the East and West side of the mass (labeled HorEast and 

HorWest). 
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Transducers of various length were chosen on a case by case basis to appropriately capture range 

of data expected considering size of the specimen and availability of instrument stroke lengths in 

the laboratory. The transducer used in each test is listed in table 3-7. 

TABLE 3-7 Displacement Transducer Properties (in) [mm] 

Specimen 
Channel 1,2,8,9, 14 4, 5b\ 6, 7,10, lOb', 11, 12, 13, 15 

Stroke Resolution Stroke Resolution 
HE,HW 10 [254] 0.002 [0.06] 20 [508] 0.005 [0.12] 

UG 10 [254] 0.002 [0.06] 10 [254] 0.002 [0.06] 
VERT 4 [101.6] 0.001 [0.02] 4 [101.6] 0.001 [0.02] 

1: no HE measurement due to broken rod 

Initial offsets were present in the vertical and horizontal displacement measurements prior to 

testing, due to the physical constraints of the SEESL and the availability of various stroke 

lengths of the instruments. These were eliminated from the ground displacement transducer 

prior to testing however. Offsets prior to the free vibration testing for channels HorEast, 

HorWest, and Vert, are listed in table 3-8. 

TABLE 3-8 Displacement Transducer Initial Offsets (in) 

Channel 
Specimen 

HorEast HorWest Vert 

1 0.000 0.000 -0.410 
2 -0.002 0.002 0.302 
4 1.265 1.025 0.390 

5b l --- 0.005 0.000 
6 1.211 0.903 1.681 
7 1.289 0.610 -0.638 
8 -0.554 -0.957 -0.401 
9 -0.662 -0.818 0.273 

101 1.509 1.240 -0.026 
lOb --- 0.005 -0.498 
11 1.138 1.387 0.854 
12 1.294 1.353 0.792 
13 1.289 0.552 1.680 
14 -0.571 -0.952 0.000 
15 1.221 0.933 -0.775 

1: no HE measurement due to broken rod 

43 



3.5.2.2 Horizontal Displacement 

Measurement of the horizontal displacements of the structural mass during the entire structural 

response of the specimens, including throughout much of their collapse required special 

modifications to the instrument setup. Collars were machined from round PVC stock to maintain 

the perpendicular position of the permanent magnet with respect to the transducer tube of the 

Temposonics. The PVC collars were attached to a fishing rod via a ball joint end connection as 

pictured in figure 3-13. The rod was attached to the structural mass by an additional ball joint, 

allowing rigid body movement of the rod. By insuring rigid body motion, the error in horizontal 

displacement measurement due to the vertical displacement during collapse can be corrected as 

described in a subsequent section. Selection of fishing rods for this purpose was twofold: first, 

should the test structure collapse in the direction of the transducer, the out-of-plane flexibility of 

the rod would protect the instruments by bending to absorb the impact, second, the rod was 

selected to flex without breaking in the same collapse scenario, allowing re-use in subsequent 

tests. 

( a) Side View (b) End View 

FIGURE 3-13 Horizontal Displacement Transducer Modification Details 

3.5.2.3 Vertical Displacement 

Vertical displacement of the mass was measured during the tests. In addition to providing 

valuable information on structural behavior, this data can be used to correct the horizontal 

displacements measured during large displacements, as described in the section on data 

reduction. Similar to the horizontal displacement instruments, special modifications were made 

to suit the experimental setup: PVC collars were machined in order to keep the transducer 
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magnet perpendicular to the transducer tube. A ball bearing roller was attached to the base of an 

additional PVC tube to minimize friction between the assembly and the mass plates. This roller 

made contact with a stainless steel plate that was attached to the top mass plate via epoxy. This 

assembly is pictured and shown schematically in figure 3-14 ( a) and (b), respectively. 

(a) Actual Device 

TRANSDUCER TEMFU:ONIC ~ 
HOUSING ~ TUBE 

FVCrnLARs 

BALL BEARlNG 

ROLLER 

DREcnONOF 

SPEOMEN tvtmON 

(b) Schematic 

MAGNET 

FVCTuBE 

FIGURE 3-14 Vertical Displacement Transducer Modification Details 

3.5.3 Accelerometers 

One accelerometer was mounted on the shaking table to measure the ground acceleration exerted 

on the model structure. Two were mounted on top of the top mass plate on the test structure to 

measure the total acceleration, from which the inertial force on the mass can be calculated. 

These accelerometers were attached via a machine screw to a small aluminum block to which the 

ball joint ends of the horizontal displacement transducer fishing rods were attached. This 

mounting procedure ensured the instruments would remain undamaged at the end of each test. 

The location, manufacturer, and model of the accelerometers remained the same for every test, as 

listed table 3-9. 
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TABLE 3-9 Accelerometers Used During Testing 

Channel Description Make Model Range 
ACCTBL Table Acceleration Kulite GAD-813-25 ±2g 

ACCEAST Mass Acceleration-East Side Endevco 2262-25 ±2g 

ACCWEST Mass Acceleration-East Side Kulite GAD-813-25 ±2g 

3.5.4 Strain Gages 

A strain gage was mounted on one column of each specimen, and located at a distance of one

third of the column height from its base. These were used for two reasons: First, the 

measurements can be used to calculate structural forces during testing as discussed in 

Section 3.8.4 below. Secondly, the gages were mounted in a region that would remain elastic 

throughout the shake table tests, and could then be cut out after the test and used to conduct a 

separate tensile test on the material to determine its stress-strain characteristics. Table 3-10 lists 

the type of strain gage used, number of the column to which it was attached and its location on 

that column for each of the specimens. A strain gage mounted on an assembled specimen is 

pictured in figure 3-11(a), shown previously. 

TABLE 3-10 Strain Gages Used during Testing 

Specimen Column Index Gage Type* Location 
1 3 CEA-06-240UZ-120 South 
2 2 CEA-06-240UZ-120 South 
3 1 CEA-06-125UN-120 North 
4 4 CEA-06-240UZ-120 South 
5b 2 CEA-06-125UN-120 North 
6 1 CEA -06-240UZ-120 North 
7 2 CEA-06-240UZ-120 North 
8 2 CEA -06-240UZ-120 South 
9 3 CEA-06-240UZ-120 North 
10 4 CEA-06-125UN-120 South 
lOb 3 CEA-06-125UN-120 South 
11 4 CEA -06-240UZ-120 North 
12 3 CEA-06-125UN-120 South 
13 3 CEA-06-240UZ-120 North 
14 2 CEA-06-240UZ-120 South 
15 3 CEA-06-125UN-120 North 

*Note: All stram gages manufactured by Measurements Group 
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3.6 Testing of Specimens 

3.6.1 General 

Each specimen was tested in three ways: a free vibration test was performed, followed by a 

series of shake table tests until the structure collapsed, and finally a tension test was performed 

on a cutout section of one specimen column to determine material properties. 

3.6.2 Free Vibration Testing 

A free vibration test was performed on each specimen prior to the initiation of its respective 

schedule of shake table tests. This was done by manually pushing the mass of the test structure 

in the direction of shaking, inducing free vibration response. Though the arbitrarily applied 

displacement was carefully meant to keep the specimen within the elastic range, some specimen 

did experience yielding as will be noted in the results. 

3.6.3 Shake Table Testing 

Shake table test schedules were established for each specimen. These schedules, including test 

number, data filename, type of input signal, and magnitude of input signal, are found in 

table 3-11 for each test. 

Input signals for the testing schedules for the shake table tests were established as follows: 

1. Estimate the peak level of ground motion for elastic response as described in 

Section 3.3.3. 

2. Estimate the peak level of ground motion for collapse of bilinear model as described in 

Section 3.3.4. 

3. Determine the values of peak actuator displacement corresponding to the various peak 

response levels calculated. 

4. Pre-select approximately five levels of ground motion to be applied to the specimen, 

progressively and proportionally increasing in magnitude from approximately two-thirds 

of the estimated peak elastic response to the estimated peak inelastic response. 

The levels of ground motion were chosen to the nearest 0.25 volts of actuator span to simplify 

the execution of the test schedule. 
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The datafile is ASCII text, and contains the measurements recorded during the tests. Following 

the header describing the test at the top of the file, ten columns of data are shown: 

"Time": time instance during the test (seconds) 

"UG": table displacement (inches) 

"HorEast": east side total displacement of specimen mass (inches) 

"HorWest": west side total displacement of specimen mass (inches) 

"Vert": vertical displacement of specimen mass (inches) 

"AccTbl": shaking table acceleration (g) 

"AccEast": east side total acceleration of specimen mass (g) 

"AccWest": west side total acceleration of specimen mass (g) 

"Strain": strain at third point of column specified in table 3-10 (/-lE) 

The data files are provided on MCEER's web site at http://civil.eng.buffalo.edulusers_ntwkl. 

Files are grouped, according to specimen, in winzip archives for convenience. 
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Test 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

TABLE 3-11 Specimen Test Schedules 

Filename Signal Span P.A.l Remarks 
Specimen 1 

EXPOIAOO.DAT FR.V.z -
EXPO lAO 1.DAT EL-CEN-1003 5.25 
EXPOIA02.DAT EL-CEN-I00 7.50 
EXPOIA03.DAT EL-CEN-I00 10.00 
EXPOIA04.DAT EL-CEN-I00 10.00 
EXPOIA05.DAT EL-CEN-2004 1.00 
EXPOIA06.DAT EL-CEN-200 3.33 
EXPOIA07.DAT EL-CEN-200 5.00 
EXPOIA08.DAT EL-CEN-200 6.00 
EXPO 1 A09.DAT EL-CEN-200 7.00 
EXPOIAlO.DAT EL-CEN-200 8.00 
EXPOIAl1.DAT EL-CEN-200 7.00 
EXPOIAT3.DAT Tension test --

SpeCImen 2 
EXP02AOO.DAT FR. v.2 -
EXP02AO I.DAT EL-CEN -1003 2.50 
EXP02A02.DA T EL-CEN-I00 3.50 
EXP02A03 .DA T EL-CEN-I00 4.50 
EXP02A04.DAT EL-CEN-I00 5.50 
EXP02A05.DAT EL-CEN-I00 6.50 
EXP02A06.DAT EL-CEN-I00 7.50 
EXP02A07.DAT EL-CEN-I00 8.50 
EXP02A08.DAT EL-CEN-I00 10.00 
EXP02A09.DAT EL-CEN-I00 10.00 
EXP02AlO.DAT EL-CEN-I00 10.00 
EXP02AT2.DAT Tension test 

Specimen 3 
EXP03ATl.DAT Tension test 

I: Target table peak acceleration 
2: Free Vibration Test 

-
0.114 
0.163 
0.217 
0.217 

--

-
0.054 
0.076 
0.098 
0.119 
0.141 
0.163 
0.184 
0.217 
0.217 
0.217 

3: EI Centro Ground Motion without Time Scaling (100 Hz) 
4: EI Centro Ground Motion at compressed Time Scale (200 Hz) 

(5) 

(5) 

5: Phase shift in displacement data of ~0.02 s since transducers were not low-pass filtered 
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0 
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9 
10 
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0 
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2 
3 
4 
5 
6 

TABLE 3-11 (cont'd) Specimen Test Schedules 

Filename Signal Span P.A.} Remarks 
Specimen 4 

EXP04AOO.DAT FR. V.2 -
EXP04A01.DAT EL-CEN-I003 0.75 
EXP04A02.DAT EL-CEN-I00 2.00 
EXP04A03.DAT EL-CEN-I00 3.00 
EXP04A04.DAT EL-CEN-I00 4.00 
EXP04A05.DAT EL-CEN-I00 5.00 
EXP04A06.DAT EL-CEN-I00 6.00 
EXP04AT4.DAT Tension test --

Specimen 5 
Not tested Collapse 

Specimen 5b 
EXP05BOO.DAT FR. V.2 -
EXP05BO I.DAT EL-CEN -1003 0.50 
EXP05B02.DAT EL-CEN-I00 1.25 
EXP05BT.DAT Tension Test --

Specimen 6 
EXP06AOO.DAT FR. V.2 -
EXP06AOl.DAT EL-CEN-I003 5.25 
EXP06A02.DAT EL-CEN-I00 7.50 
EXP06A03.DAT EL-CEN-I00 10.00 
EXP06A04.DAT EL-CEN-IOO 10.00 
EXP06A05.DAT EL-CEN-2004 1.00 
EXP06A06.DAT EL-CEN-200 3.33 
EXP06A07.DAT EL-CEN-200 5.00 
EXP06A08.DAT EL-CEN-200 6.00 
EXP06A09.DAT EL-CEN-200 7.00 
EXP06A1O.DAT EL-CEN-200 8.00 
EXP06Al1.DAT EL-CEN-200 7.00 
EXP06ATl.DAT Tension Test --

Specimen 7 
EXP07AOO.DAT FR. V.2 -
EXP07 AO 1.DAT EL-CEN -1003 2.00 
EXP07 A02.DAT EL-CEN-IOO 3.00 
EXP07 A03 .DAT EL-CEN-I00 4.00 
EXP07A04.DAT EL-CEN-I00 5.00 
EXP07A05.DAT EL-CEN-I00 6.00 
EXP07AT2.DAT Tension Test --

1: Target table peak acceleratIOn 
2: Free Vibration Test 

-
0.016 
0.043 
0.065 
0.087 
0.109 
0.130 

--

-
0.011 
0.027 

--

-
0.114 
0.163 
0.217 
0.217 

--

-
0.043 
0.065 
0.087 
0.109 
0.130 

--

3: EI Centro Ground Motion without Time Scaling (l00 Hz) 
4: EI Centro Ground Motion at compressed Time Scale (200 Hz) 

6: Excessive resolution data noise in displacement channels 
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Test 

0 
1 
2 
3 
4 
5 

0 
1 
2 
3 
4 
5 

0 
1 
2 

0 
1 
2 
3 
4 
5 
6 
7 

0 
1 
2 
3 
4 
5 
6 
7 
8 

TABLE 3-11 (cont'd) Specimen Test Schedules 

Filename Signal A l Span P .. Remarks 
Specimen 8 

EXP08AOO.DAT FR. V? -
EXP08AO 1.DAT EL-CEN-1003 1.25 
EXP08A02.DAT EL-CEN-100 2.50 
EXP08A03.DAT EL-CEN-100 3.50 
EXP08A04.DAT EL-CEN-100 4.50 
EXP08A T2.DAT Tension Test --

Specimen 9 
EXP09AOO.DAT FR. V. 2 -
EXP09A01.DAT EL-CEN -1003 1.25 
EXP09A02.DAT EL-CEN-100 1.50 
EXP09A03.DAT EL-CEN-100 1.75 
EXP09A04.DAT EL-CEN-IOO 2.00 
EXP09AT3.DAT Tension Test --

SpecImen 10 
EXP1OAOO.DAT FR. V.2 -
EXP10A01.DAT EL-CEN-2003 0.75 
EXP1OAT4.DAT Tension Test --

Specimen lOb 
EXP1OBOO.DAT FR. V.2 -
EXP1OB01.DAT EL-CEN-1003 0.50 
EXP1OB02.DAT EL-CEN-100 0.75 
EXP1OB03.DAT EL-CEN-100 1.00 
EXP1OB04.DAT EL-CEN-I00 1.25 
EXP1OB05.DAT EL-CEN-100 1.50 
EXP10B06.DAT EL-CEN-100 1.75 
EXP1OBT3.DAT Tension Test --

Specimen 11 
EXPIIAOO.DAT FR. V.2 -
EXP11A01.DAT EL-CEN-I003 4.00 
EXP11A02.DAT EL-CEN-100 5.25 
EXP11A03.DAT EL-CEN-100 7.50 
EXP11A04.DAT EL-CEN-100 10.00 
EXP11A05.DAT EL-CEN-100 10.00 
EXP11A06.DAT EL-CEN-100 10.00 
EXP11A07.DAT EL-CEN-I00 10.00 
EXP11AT4.DAT Tension Test --

I: Target table peak accelerallon 
2: Free Vibration Test 

-
0.027 
0.054 
0.076 
0.098 

--

-
0.027 
0.033 
0.038 
0.043 

--

0.066 
--

-
0.011 
0.016 
0.022 
0.027 
0.033 
0.038 

--

-
0.087 
0.114 
0.163 
0.217 
0.217 
0.217 
0.217 

--

3: EI Centro Ground Motion without Time Scaling (100 Hz) 
4: EI Centro Ground Motion at compressed Time Scale (200 Hz) 

7: Unexplained corruption of HorWest Channel 
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TABLE 3-11 (cont'd) Specimen Test Schedules 

Test Filename Signal Span P.A.I Remarks 

0 
1 
2 
3 
4 

0 
1 
2 
3 
4 
5 
6 

0 
1 
2 
3 
4 
5 
6 

0 
1 
2 

Specimen 12 
EXPI2AOO.DAT FR. V.2 -
EXP12A01.DAT EL-CEN -1003 3.50 
EXPI2A02.DAT EL-CEN-I00 5.00 
EXPI2A03.DAT EL-CEN-I00 7.00 
EXPI2AT3.DAT Tension Test --

Specimen 13 
EXP13AOO.DAT FR. V.2 -
EXP13A01.DAT EL-CEN -1003 2.50 
EXP13A02.DAT EL-CEN-I00 3.50 
EXP13A03.DAT EL-CEN-I00 4.50 
EXPI3A04.DAT EL-CEN-I00 5.50 
EXP13A05.DAT EL-CEN-I00 6.50 
EXP13AT3.DAT Tension Test --

SpeCImen 14 
EXPI4AOO.DAT FR. V.2 -
EXP14A01.DAT EL-CEN -1003 1.25 
EXPI4A02.DAT EL-CEN-I00 1.50 
EXPI4A03.DAT EL-CEN-I00 1.75 
EXPI4A04.DAT EL-CEN-I00 2.00 
EXPI4A05.DAT EL-CEN-I00 2.25 
EXPI4AT2.DAT Tension Test --

Specimen 15 
EXPI5AOO.DAT FR. v.z -
EXP15A01.DAT EL-CEN -1003 0.75 
EXPI5AT3.DAT Tension Test --

I: Target table peak acceleratIOn 
2: Free Vibration Test 

-
0.076 
0.109 
0.152 

--

-
0.054 
0.076 
0.098 
0.119 
0.141 

--

-
0.027 
0.033 
0.038 
0.043 
0.049 

--

--

3: EI Centro Ground Motion without Time Scaling (100 Hz) 
4: EI Centro Ground Motion at compressed Time Scale (200 Hz) 

3.6.4 Tension Testing 

Tension testing of specimen was performed in the Axial-Torsion MTS Machine in the UB 

SEESL (Constantinou et al. 1999) pictured in figure 3-15. Tests were executed in a 

displacement-controlled mode. Built-in load cells in the actuator grips measured the axial force 

exerted by the machine. Strain in the specimen was measured by the strain gage described 

previously. 
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FIGURE 3-15 MTS Axial-Torsion Testing Machine 

3.7 Data Acquisition 

A Cyrix 5x86 120 MHz computer running Microsoft Windows 95 was used for data collection 

during shake tabe testing. Data was read from a Data Translation VDTAD.386 12-bit data 

acquisition board. 

The SDOF shake table's data acquisition system works in the following manner. A generic 

potentiometer power supply built in-house provides the required 10-volt excitation voltage for 

the displacement transducers. The transducer output is then fed into a Measurements Group 

2310 DC Signal Conditioning Amplifier used as a lowpass filter with a 25 Hz cutoff frequency. 

After lowpass filtering, the signal data is read by the data acquisition board and written to the 

hard disk in the form of the ASCII text file described in the previous section. Accelerometer and 
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strain gage measurements follow an identical path except that the Signal Conditioning 

Amplifiers used, simultaneously act as a lowpass filter and provide the required excitation 

voltage, eliminating the need for the additional power supply. The entire data acquisition system 

is pictured in figure 3-16. 

The LABTECH NOTEBOOK PRO data acquisition software was used to input ground motion 

to the MTS controller. In addition, it was used to manage the recorded data from the data 

acquisition board and write it to the datafile. 

The measurement resolution of a displacement transducer is determined by dividing the total 

stroke length by i2 since a "True" 12-bit data acquisition board is being used. Displacement 

measurement resolution for each stroke length transducer is listed in table 3-7. All 

accelerometers have the same range of ±2 g, and therefore the same resolution of 0.00 1 g. 

FIGURE 3-16 Data Acquisition System 

At left, center: 
1. Signal Conditioning Amplifiers 

At right, from top: 
2. Temposonics Power Supply 

3. Controller for Table Actuator 
4. AID converter 

5. Computer used in data collection 
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3.8 Data Reduction 

3.8.1 Data Noise 

The data noise encountered in the course of an experimental program can be dealt with in a 

variety of ways, depending upon the nature of the source. High frequency noises native to this 

experimental setup were found to be at 60 Hz, the frequency of Alternating Current (AC) voltage 

in the United States, and 58 Hz, which was found to be the fundamental frequency of the SDOF 

shake table. Both of these frequencies are well above those of the specimen as shown in 

table 3-3 and therefore have negligible effect on structural response. These high frequency 

noises were reduced by the 25 Hz lowpass filter described in the previous section. 

Low frequency noise takes the form of offsets in the instrument readings. Physical constraints in 

the lab prevented the Temposonics from being mounted such that the initial reading was aJways 

zeroed. Therefore, displacement readings often do not start from zero in the recorded data files 

as discussed previously. Beyond this consideration, note that displacement and strain offsets at 

the end of a test that occurred due to inelastic behavior of the specimens are physically 

significant and are kept as the starting offset of each subsequent test, and included in the results. 

Accelerometer offsets, however, are due to drift of the instrument and are eliminated prior to 

each run by resetting at the signal conditioner level. 

3.8.2 Horizontal Displacement Correction 

The actual total horizontal displacement of a specimen is calculated using the measured vertical 

and horizontal displacements described previously. Variables shown in figure 3-17 yield the 

following geometric relations: 

X(t)2 +v(t)2 = /2 

U a (t) = x(t) + U m (t)-/ 

which can be combined, resulting in: 

where: 

/ = Length of the rod used on the horizontal displacement transducers 
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x(t) = Horizontal projection of I at time, t 

v(t) = Measured vertical displacement / vertical projection of I at time, t 

um(t) = Measured horizontal displacement at time, t 

ua(t) = Actual horizontal displacement at time, t 

This relation describes the total horizontal displacement of the specimen at time t. The relative 

displacement of the specimen at time t is calculated by subtracting the ground displacement, 

ug(t), from ua(t) calculated in (3-6). 

~- Ua --~ ....... ------- L -------~ 

iV1AGNET, PVC COLLAR, 

v 

L 

SPECIMEN DEFORMED 

POSITION 

FISHING ROD & BALL JOINT ASSEMBLY 

TRANSDUCER 

TUBE 

------~~----Um--~ 

I 

~ SPECIMEN INITIAL 
I 

I POSITION 

TEMPOSONIC 

HOUSING 

FIGURE 3-17 Definition of Variables used in Horizontal Displacement Correction 

3.8.3 Sign Convention 

Displacement measurements with a Temposonic become increasing positive as its magnet moves 

toward the tip of the transducer tube. Transducers measuring horizontal displacements were all 

oriented pointing to the north side of the UB SEESL as indicated schematically in figure 3-11. 

Therefore, a displacement towards the north is recorded as an increasingly positive reading. As 

the test structure collapses, and the elevation of the mass plates decreases, an increasingly 

positive vertical displacement will be measured by the vertical displacement channel. 
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The type of accelerometers used record a positive acceleration when the acceleration is in the 

direction from the top of the instrument (smaller diameter barrel) to the base, as indicated in 

figure 3-12. 

Strain gages were wired to give a positive reading when subjected to tensile strains. The surface 

condition of the specimen dictated the side on which the gage was mounted (North or South). 

The sign of the calculated moment from strain gage readings will therefore vary depending on 

the gage location, which is listed in table 3-10. Specimens with a gage mounted on the south 

side of the column must have the strain data multiplied by -1 so that positive relative 

displacements result in postive strains, and therefore a positive estimate of base shear, as will be 

discussed later. 

3.8.4 Estimated Base Shear Calculation 

The base shear force on the test structure can be calculated using two methods: First, by equating 

base shear to the inertia force on the structural mass. Second, by consideration of measured 

strains and simple statics at an instant of time. 

The advantage of the first method is that the computation is straightforward if the accelerometers 

are calibrated accurately and the structural mass is accurately known. The disadvantage of this 

method is that the effect of the damping force is ignored. The equation of dynamic equilibrium 

of the structural mass is given by: 

(3-7) 

where/J,/s, andiD are the inertia force, the restoring force and the damping force, respectively. 

The damping force inherent in the structure cannot be measured directly and is thusly ignored, 

resulting in a method that is only reliable when the damping is small, i.e. when if "" - is. 

In the second method, the strain gages described previously in Section 3.5.4 are used to calculate 

an estimate of base shear (or restoring force,/s) on the structure due to the earthquake loading. 

Assuming the moment along the height of the column varies linearly from top to bottom with the 

point of inflection at mid-height (i.e. neglecting P-L1 and P-b moments), the base shear on that 

column can be estimated by the following equation: 

57 



(3-8) 

where: 

Va * = Estimated column base shear ignoring P-~ effect 

Mm = Moment calculated from the strains measured at the third point of column height 

Cm = Strain measured by strain gage at third point of column height 

E = Elastic modulus of steel, equal to 200,000 MPa 

I = Moment of inertia of column 

h = Width of column 

Strain gages were carefully placed on the third point of the column noted in the previously 

described table. A digital height gauge was used to scribe a mark on the column at the exact 

height desired. 

The estimated base shear force is further improved by the inclusion of the P-~ effect. The 

previous result is modified by an additional term: 

* * (Pl V =V - - .~ 
pOL 

) 

where: 

~ = U a (t)- U g (t): Relative displacement at time, t 

(3-9) 

This approach was deemed sufficient for the purpose of this report. However, the reader must be 

aware that for more accurate analytical studies, the linear variation of moment along the height 

assumed in (3-8) is incorrect, the inaccuracies introduced by this simplification being a function 

of the magnitude of axial force and of columns deformations, o. 
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4.1 General 

SECTION 4 
EXPERIMENTAL RESULTS 

Each specimen was tested according to the schedules described and presented in Chapter 3. Data 

was acquired for each test using the instrumentation and data acquisition system described in the 

same chapter. This chapter presents the key numerical and graphical results of those tests. 

Discussion of the results follows in the next chapter. 

4.2 Summary of Test Results 

4.2.1 Tension Testing 

A column from each specimen was tested in the MTS testing machine described in the previous 

chapter. In general, the column with the strain gage mounted on it to measure moment and base 

shear during the shake table tests was used for this purpose. Results are presented in Table 4-1. 

Missing data indicates that the strain-gaged specimen column was excessively damaged during 

collapse of the test structure, making tension testing impossible. 

Considering all specimens for which there is data, except 5b and lOb which were fabricated 

using an alternate grade of steel, the mean elastic modulus is 198,736 MPa (28,824 ksi), with a 

standard deviation of29,906 MPa (4,338 ksi). When ignoring Specimen 14, which appears to 

have an unusually low elastic modulus, the mean and standard deviation become 205,584 MPa 

(29,817 ksi) and 20,509 MPa (2,975 ksi), respectively. 

For specimens fabricated from standard steel, (i.e. all except 5b and lOb), the standard elastic 

modulus of 200,000 MPa (29,000 ksi) is used in the calculation of specimen properties for 

comparison with experimental results. However, for Specimens 5b and lOb, the experimentally 

obtained average value of269,809 MPa (39,133 ksi) will be used for the same comparisons. 

The yield stress of each specimen column tested was calculated using the 0.2% offset method. 

These experimentally obtained yield stresses are used in the calculation of theoretical strength 

for comparison with observed behavior. The average value of other specimens having the same 
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nominal cross-section is used for those specimens for which tension test data could not be 

obtained. In other words, the strength of Specimens 9 and 4 is computed using the average yield 

stress of 1, 2, and 14 and Specimen 7 using the yield stress of Specimen 12. 

TABLE 4-1 Tension Test Results 

Specimen Column ID 
E E Fy Fy 

Remarks 
(ksi) (MPa) (ksi) (MPa) 

1 3 25773 177700 63.0 434 
2 2 30326 209093 65.5 452 
3 1 33467 230744 46.8 323 
4 4 - - 74.0 510 
5b - 39505 272379 150.0 1034 (1,2) 
6 1 27509 189666 52.5 362 
7 2 - - - -
8 2 27139 187116 61.0 421 
9 3 - - - -
10 4 33963 234167 42.5 293 
lOb 3 38760 267240 148.0 1020 (1) 
11 4 32952 227197 57.0 393 
12 3 29916 206261 42.5 293 
13 3 30440 209879 62.2 429 
14 2 18892 130256 63.5 438 
15 3 26689 184018 41.0 283 

l: AISI Ml cold-worked steel 
2: Extra Piece of Material Tested (not from shake table test) 

4.2.2 Free Vibration Tests 

To determine the fundamental period of vibration and damping properties of the specimens, a 

free vibration test in the linear elastic range was first performed on each specimen before 

subjecting it to earthquake excitations. This was done by manually pushing the test structure at 

the mass level to a small distance in the direction of shaking. 

4.2.2.1 Fundamental Period of Vibration 

The fundamental period of vibration of each specimen is obtained via Fourier Spectrum Analysis 

of the time history data obtained during the free-vibration tests. Table 4-2 lists the fundamental 

period of vibration predicted for each structure, using average dimensions for each column 

making up the structure, along with the experimentally obtained period. T no is the predicted 
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fundamental period excluding P-L1 effects, T np, including P-L1 effects, and Tn-spectrum, calculated 

from time history data using Fourier Spectrum Analysis. The percent difference in the measured 

from the predicted value (including P-L1 effects), L1Tn, is listed in the rightmost column. 

Predicted and experimental values are within approximately 10% of each other for all specimens 

except 5b. 

TABLE 4-2 Free Vibration Period Comparison 

Tno 
1 

Tnp 
2 

Tn-spectrum 
3 L1T 4 

Specimen n 
(s) (s) (s) 

1 0.189 0.196 0.200 1.93% 
2 0.261 0.279 0.272 -2.50% 
4 0.311 0.343 0.323 -5.86% 

5b 0.401 0.533 0.698 30.93% 

6 0.410 0.432 0.430 -0.55% 
7 0.463 0.503 0.490 -2.66% 

8 0.543 0.634 0.655 3.39% 

9 0.568 0.727 0.760 4.52% 
10 0.504 0.687 0.662 -3.68% 

lOb 0.528 0.750 0.727 -3.01% 
11 0.552 0.595 0.597 0.32% 
12 0.629 0.709 0.682 -3.85% 
13 0.727 0.908 0.959 5.61% 
14 0.768 1.123 1.200 6.90% 
15 0.679 1.111 1.004 -9.63% 

I: Predicted Fundamental Period excluding P-ll effect (stiffness using (2-1)) 
2: Predicted Fundamental Period including P-ll effect (stiffness using (2-8)) 

3: Fundamental Period Calculated from Fourier Spectrum 
4: Difference between 2 and 3 

The fundamental period of the structure is directly proportional to the height of the columns. 

The "effective" height of the columns varies with the degree of fixity at the top and bottom base 

plates. The brazing material used in the fabrication of a number of the specimen often left a fillet 

around the base of the columns. This fillet was not accounted for in the measurement of column 

dimensions. This result of the fabrication process may then have produced columns that are 

effectively shorter than the tabulated value listed, resulting in a shorter natural period. This may 

partly account for the fact that eight of the fifteen specimens had observed periods that were less 

than (but within 10%) that predicted using the average dimensions. However, given that the 

remaining seven specimens tested had observed periods that were larger than predicted using 
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average dimensions, the small difference between experimentally and analytically calculated 

periods may not warrant extensive attempts at explaining these variations. 

However, for specimen 5b fabricated of AISI M1 steel, the predicted natural period ofthe 

structure using average column dimensions is 0.533 s while the observed period obtained from 

Fourier Spectrum of the free vibration response is 0.698 s, a difference of 30.93%. 

Many causes can be postulated for such a difference. If a good weld was not achieved to fill the 

space between and properly fuse the column and base plate, and if "too-soft" a brazing material 

was used, then the full-fixity desired at the face of the base plate may not exist. 

The fabrication of specimens 5b and lOb took place in the fabrication shop of the UB SEESL. 

The fabrication procedures were somewhat different than that implemented by the staff at the 

University of Ottawa where all other specimens were prepared. Columns for Specimens 5b and 

lOb were fused with the base plates using a Gas Tungsten Arc Welding (GTA W) process from 

the underside of the column base plates to prevent section undercutting within the effective 

specimen height due to the imparted heat from welding. The remainder of the hole on the inside 

of the base plates was filled with silver solder using an oxy-acetylene torch with a brazing tip. 

The silver solder is quite malleable and transforms to the liquid state at a much lower 

temperature than steel, which was convenient as filler. However, due to this extreme 

malleability, the base of the column sections may not have been as well confined as intended. 

The resulting lack of full base fixity can be quantified by expressing it into an equivalent system 

having fully-fixed columns of an effective height. Knowing that the fundamental period of the 

structure including p-~ effects is: 

(4-1) 

Solving (4-1) for the height, L, and using the observed period for Tn, and average measured 

values for all other quantities, results in an effective height of 102.3 mm (4.029 in). In other 

words, the average end conditions of the columns at the bottom and top plates caused the 

specimen to behave as if the columns were effectively 10.4 mm (0.411 in) longer than the 

average measured value. 
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4.2.2.2 Inherent Damping 

The percentage of critical damping due to inherent damping in the structure, ~, is also estimated 

from the free-vibration time history data, using the logarithmic decrement method (Chopra 1995) 

given by: 

~ = 1 ln~ 
2·Jr·} uk+} 

where: 

} = Number of cycles between peaks used for estimate of ~ 

Uk = Amplitude of kth peak (first peak used for the estimate) 

Uk+j = Amplitude of (k+}/h peak (last peak used for the estimate) 

(4-2) 

To better characterize the inherent damping of each structure, the free vibration response curve 

obtained for each specimen was divided into three approximately equal intervals and estimates of 

the damping ratio were made using the first and last peaks of each interval. These estimates are 

summarized in Table 4-3. The following parameters, in accordance with the logarithmic 

decrement method shown above, are used with the time history data of each displacement and 

acceleration channel: 

uo = 

Uki = 

Uki+j = 

Maximum amplitude of free vibration response (mm or g) 

Mean amplitude of peaks k to k+} through /h estimate interval (mm or g) 

Cycle number used as first peak for ith damping ratio estimate 

Amplitude of first peak used for ith damping ratio estimate 

Cycle number used as second peak for /h damping ratio estimate 

Amplitude of second peak used for ith damping ratio estimate 

ith damping ratio estimate 
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TABLE 4-3 Free Vibration Damping Estimates 

U*j I kj I Uki I ~+j I Uki+j I ~j I Remarks 

Specimen 1 

, HorEast Channel, Uo = 0.559 mm 

1 0.448 I 0.559 14 0.381 0.469 --
2 0.315 14 0.381 25 0.254 0.587 --
3 0.186 25 0.254 42 0.127 0.649 --

HorWest Channel, Uo = 0.559 mm 

1 0.452 1 0.559 14 0.381 0.469 --
2 0.315 14 0.381 25 0.254 0.587 --
3 0.188 25 0.254 42 0.127 0.649 --

AccEast Channel, Uo = 0.053 g 

1 0.043 1 0.053 14 0.036 0.474 --
2 0.03 14 0.036 25 0.025 0.528 --
3 0.018 25 0.025 42 0.011 0.769 --

AccWest Channel, Uo = 0.050 g 

1 0.043 1 0.047 14 0.036 0.326 --
2 0.031 14 0.036 25 0.025 0.528 --
3 0.018 25 0.025 42 0.012 0.687 --

Specimen 2 
HorEast Channel, Uo = 0.508 mm 

1 0.229 3 0.254 10 0.203 0.507 (1) 

2 0.171 10 0.203 20 0.127 0.748 --
3 0.099 20 0.127 29 0.076 0.903 --

HorWest Channel, U o = 0.483 mm 

1 0.219 3 0.254 10 0.203 0.507 --
2 0.141 10 0.203 20 0.127 0.748 --
3 0.104 20 0.127 29 0.076 0.903 --

AccEast Channel, Uo = 0.015 g 

1 0.013 3 0.015 10 0.011 0.705 --
2 0.009 10 0.011 20 0.007 0.719 --
3 0.005 20 0.007 29 0.003 1.498 --

AccWest Channel, U o = 0.014 g 

1 0.012 3 0.014 10 0.01 0.765 --
2 0.008 10 0.01 20 0.006 0.813 --
3 0.005 20 0.006 29 0.003 1.226 --

(1): Estimates based on first of2 free vibration pushes performed 
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TABLE 4-3 (cont'd) Free Vibration Damping Estimates 

U*i I ~ I Uki I ~+j I Uki+j I ~i I Remarks 
Specimen 4 

AccEast Channel, Uo = 0.008 g 

1 0.007 2 0.008 6 0.005 1.87 (2) 

2 0.004 6 0.005 10 0.003 2.033 --
3 0.002 10 0.003 23 0.001 1.345 --

AccWest Channel, Uo = 0.008 g 

1 0.006 2 0.008 6 0.005 1.87 --
2 0.004 6 0.005 10 0.003 2.033 --
3 0.002 10 0.003 23 0.002 0.496 --

Specimen 5b 

Hor West Channel, Uo = 1.118 mm 

1 0.906 1 1.118 3 0.737 3.318 (3) 

2 0.629 3 0.737 6 0.508 1.971 --
3 0.457 6 0.508 10 0.381 1.145 --

AccEast Channel, Uo = 0.009 g 

1 0.007 1 0.009 3 0.006 3.227 --
2 0.004 3 0.006 6 0.003 3.677 --
3 0.003 6 0.003 10 0.002 1.613 --

AccWest Channel, U o = 0.008 g 

1 0.007 1 0.008 3 0.005 3.74 --
2 0.004 3 0.005 6 0.003 2.71 --
3 0.002 6 0.003 10 0.002 1.613 --

I: Estimates based on first of 2 free vibration pushes performed 
2: Resolution too low to use HorEast or HorWest Signals for Estimate 

3: No HorEast measurement due to broken rod 
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TABLE 4-3 (cont'd) Free Vibration Damping Estimates 

u*j I kj I Uld I ~+j I uld+j I ~j I Remarks 

Specimen 6 
HorEast Channel, Uo = 0.991 mm 

1 0.800 2 0.991 11 0.737 0.524 --
2 0.563 11 0.737 22 0.381 0.954 --
3 0.314 22 0.381 38 0.254 0.403 --

HorWest Channel, U o = 0.991 mm 

1 0.724 2 0.889 11 0.635 0.595 --
2 0.487 11 0.635 22 0.381 0.739 --
3 0.239 22 0.381 38 0.127 1.093 --

AccEast Channel, Uo = 0.019 g 

1 0.016 2 0.019 11 0.013 0.671 --
2 0.011 11 0.013 22 0.008 0.702 --
3 0.005 22 0.008 38 0.003 0.976 --

AccWest Channel, Uo = 0.017 g 

1 0.015 2 0.017 11 0.013 0.474 --
2 0.010 11 0.013 22 0.008 0.702 --
3 0.005 22 0.008 38 0.003 0.976 --

Specimen 7 
AccEast Channel, Uo = 0.018 g 

1 0.006 2 0.008 10 0.005 0.935 (1,2,4) 

2 0.004 10 0.005 19 0.002 1.620 --
3 0.001 19 0.002 28 0.001 1.226 --

AccWest Channel, Uo = 0.02 g 

1 0.007 2 0.008 10 0.005 0.935 --
2 0.004 10 0.005 19 0.002 1.620 --
3 0.002 19 0.002 28 0.001 1.226 --

1: Estimates based on first of 2 free vibration pushes performed 
2: Resolution too low to use HorEast or HorWest Signals for Estimate 

4: Residual displacement offset at conclusion of test 
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TABLE 4-3 (cont'd) Free Vibration Damping Estimates 

U*i I k; I Uki I k;+j I Uki+j I ~i I Remarks 

Specimen 8 
HorEast Channel, U o = 1.168 mm 

1 l.008 1 1.168 6 0.813 l.155 --
2 0.650 6 0.813 12 0.483 1.383 --
3 0.311 12 0.483 19 0.178 2.270 --

HorWest Channel, U o = 1.118 mm 

1 0.961 1 l.118 6 0.813 l.014 --
2 0.624 6 0.813 12 0.483 l.383 --
3 0.324 12 0.483 19 0.178 2.270 --

AccEast Channel, llo = 0.011 g 

1 0.009 1 0.011 6 0.008 l.014 --
2 0.006 6 0.008 12 0.005 l.247 --
3 0.003 12 0.005 19 0.002 2.083 --

AccWest Channel, llo = 0.011 g 

1 0.009 1 0.011 6 0.007 l.439 --
2 0.006 6 0.007 12 0.005 0.893 --
3 0.003 12 0.005 19 0.002 2.083 --

Specimen 9 
HorEast Channel, llo = 2.184 mm 

1 1.822 1 2.184 8 1.499 0.857 --
2 1.168 8 1.499 16 0.889 1.039 --
3 0.576 16 0.889 24 0.330 l.970 --

HorWest Channel, llo = 2.235 mm 

1 1.797 1 2.235 8 1.422 1.028 --
2 l.112 8 1.422 16 0.813 1.113 --
3 0.550 16 0.813 24 0.305 l.951 --

AccEast Channel, U o = 0.017 g 

1 0.013 1 0.017 8 0.011 0.990 --
2 0.009 8 0.011 16 0.006 l.206 --
3 0.005 16 0.006 24 0.003 l.379 --

AccWest Channel, llo = 0.017 g 

1 0.013 1 0.017 8 0.011 0.990 --
2 0.008 8 0.011 16 0.006 1.206 --
3 0.004 16 0.006 24 0.003 1.379 --
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TABLE 4-3 (cont'd) Free Vibration Damping Estimates 

i U* i I ~ I Uid I ~+j I uld+j I ~i I Remarks 

Specimen 10 

HorEast Channel, lio = 1.626 mm 

1 1.075 1 1.245 3 0.864 2.908 Res. Disp. 

2 0.705 3 0.864 6 0.483 3.087 --
3 0.398 6 0.483 8 0.356 2.430 --

HorWest Channel, lio = 1.473 mm 

1 1.160 1 1.372 3 0.991 2.590 Res. Disp. 

2 0.813 3 0.991 6 0.635 2.359 --
3 0.508 6 0.635 8 0.381 4.065 --

AccEast Channel, lio = 0.011 g 

1 0.009 1 0.011 3 0.007 3.597 --
2 0.006 3 0.007 6 0.004 2.969 --
3 0.003 6 0.004 8 0.002 5.516 --

AccWest Channel, lio = 0.010 g 

1 0.008 1 0.010 3 0.007 2.838 --
2 0.005 3 0.007 6 0.003 4.495 --
3 0.003 6 0.003 8 0.002 3.227 --

Specimen lOb 

HorWest Channel, lio = 0.864 mm 

1 0.737 1 0.864 3 0.610 2.772 (3,4) 
2 0.513 3 0.610 7 0.381 1.870 --
3 0.330 7 0.381 11 0.254 1.613 --

AccEast Channel, lio = 0.007 g 

1 0.006 1 0.007 3 0.005 2.678 --
2 0.004 3 0.005 7 0.003 2.033 --
3 0.002 7 0.003 11 0.001 4.371 --

AccWest Channel, lio = 0.007 g 

1 0.006 1 0.007 3 0.005 2.678 --
2 0.004 3 0.005 7 0.003 2.033 --
3 0.003 7 0.003 11 0.002 1.613 --

3: No HorEast measurement due to broken rod 
4: Residual displacement offset at conclusion of test 
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TABLE 4-3 (cont'd) Free Vibration Damping Estimates 

u\ I ~ I Uki I ~+j I Uki+j I ~i I Remarks 

Specimen 11 
HorEast Channel, lio = 1.118 mm 

1 1.022 1 1.118 4 0.991 0.640 --
2 0.737 4 0.991 9 0.610 1.545 --
3 0.440 9 0.610 14 0.229 3.122 --

HorWest Channel, lio = 0.991 mm 

1 0.902 1 0.991 4 0.762 1.392 --
2 0.639 4 0.762 9 0.483 1.454 --
3 0.347 9 0.483 14 0.229 2.378 --

AccEast Channel, lio = 0.012 g 

1 0.011 1 0.012 4 0.010 0.967 --
2 0.008 4 0.010 9 0.006 1.626 --
3 0.004 9 0.006 14 0.003 2.206 --

AccWest Channel, lio = 0.012 g 

1 0.011 1 0.012 4 0.009 1.526 --
2 0.007 4 0.009 9 0.006 1.291 --
3 0.004 9 0.006 14 0.002 3.497 --

Specimen 12 
HorEast Channel, lio = 1.626 mm 

1 1.335 1 1.626 7 1.118 0.994 --
2 0.864 7 1.118 14 0.610 1.378 --
3 0.451 14 0.610 21 0.254 1.991 --

HorWest Channel, lio = 1.600 mm 

1 1.317 1 1.600 7 1.092 1.013 --
2 0.848 7 1.092 14 0.610 1.326 --
3 0.441 14 0.610 21 0.254 1.991 --

AccEast Channel, lio = 0.014 g 

1 0.012 1 0.014 7 0.010 0.893 --
2 0.007 7 0.010 14 0.005 1.576 --
3 0.004 14 0.005 21 0.003 1.161 --

AccWest Channel, lio = 0.014 g 

1 0.012 1 0.014 7 0.010 0.893 --
2 0.007 7 0.010 14 0.006 1.161 --
3 0.004 14 0.006 21 0.003 1.576 --
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TABLE 4-3 (cont'd) Free Vibration Damping Estimates 

u*j I ~ I Uki I ~+j I Uki+j I ~j I Remarks 

Specimen 13 

HorEast Channel, Uo = 2.489 mm 

1 2.159 1 2.489 5 1.854 1.172 --
2 1.566 5 1.854 10 1.245 1.269 --
3 0.952 10 1.245 15 0.635 2.142 --

HorWest Channel, Uo = 2.362 mm 

1 2.134 1 2.362 5 1.854 0.963 --
2 1.516 5 1.854 10 1.245 1.269 --
3 0.936 10 1.245 15 0.635 2.142 --

AccEast Channel, Uo = 0.011 g 

1 0.010 1 0.011 5 0.009 0.798 --
2 0.008 5 0.009 10 0.007 0.800 --
3 0.006 10 0.007 15 0.005 1.071 --

AccWest Channel, Uo = 0.012 g 

1 0.010 1 0.012 5 0.009 1.145 --
2 0.007 5 0.009 10 0.006 1.291 --
3 0.005 10 0.006 15 0.004 1.291 --

Specimen 14 
HorEast Channel, Uo = 4.14 mm 

1 3.683 1 4.140 4 3.226 1.324 (4) 

2 2.723 4 3.226 8 2.235 1.460 --
3 1.589 8 2.235 14 0.991 2.159 --

HorWest Channel, Uo = 4.267 mm 

1 3.746 1 4.267 4 3.277 1.401 --
2 2.738 4 3.277 8 2.235 1.522 --
3 1.618 8 2.235 14 1.041 2.026 --

AccEast Channel, Uo = 0.013 g 

1 0.011 1 0.013 4 0.009 1.951 --
2 0.007 4 0.009 8 0.006 1.613 --
3 0.004 8 0.006 14 0.003 1.839 --

AccWest Channel, Uo = 0.014 g 

1 0.011 1 0.014 4 0.009 2.344 --
2 0.007 4 0.009 8 0.006 1.613 --
3 0.004 8 0.006 14 0.003 1.839 --

4: Residual displacement offset at conclusion of test 
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TABLE 4-3 (cont'd) Free Vibration Damping Estimates 

u*j I ~ I Uki I ~+j I Uki+j I ~j I Remarks 

Specimen 15 
HorEast Channel, liD = 1.854 mm 

1 1.613 1 1.854 2 1.372 4.798 (4) 
2 1.054 2 1.372 3 0.737 9.894 --
3 0.610 3 0.737 4 0.483 6.730 --

HorWest Channel, liD = 1.600 mm 

1 1.359 1 1.600 2 1.118 5.713 --
2 0.927 2 1.118 3 0.737 6.635 --
3 0.559 3 0.737 4 0.381 10.492 --

AccEast Channel, lio = 0.007 g 

1 0.006 1 0.007 2 0.005 5.355 --
2 0.005 2 0.005 3 0.004 3.551 --
3 0.004 3 0.004 4 0.003 4.579 --

AccWest Channel, liD = 0.008 g 

1 0.007 1 0.008 2 0.005 7.480 --
2 0.005 2 0.005 3 0.004 3.551 --
3 0.004 3 0.004 4 0.003 4.579 --

4: Residual displacement offset at conclusion of test 

Note that the limited resolution of the displacement transducers at the small amplitudes used in 

some free-vibration tests resulted in a "stepping" of descending amplitudes for some free 

vibration histories. The acceleration data therefore appears to be more appropriate to estimate 

the damping ratio for these particular experiments. However, the "stepped" data can still be 

reliably used to calculate damping ratios by selecting data points with peaks in the middle of the 

step for each subsequent estimate. Furthermore, as noted in the rightmost column of the table, a 

small residual displacement was measured at the end of some of the tests. Careful review of this 

data indicates that these values were within the resolution of the instruments, except for 

Specimens 14 and 15, suggesting that these two specimens may have yielded slightly during the 

free vibration test. 

When the mean amplitude of vibration of a given interval, u*j, is plotted versus the estimated 

damping ratio for that interval, ~j, it is observed as a general trend that the two variables are 

inversely related. Considering all of the individual data channels (displacement and 

acceleration) used in the free vibration analyses, approximately 80% of all specimens display this 
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behavior. The remaining 20% display a trend indicating a direct relation of these variables for 

unknown reasons. 

The results of the free vibration test are presented by the following series of plots, (Figures 4-1, 

4-31, and 4-70), which are presented for specimen 1, 6, and 11: 

1. Time history response of each recorded displacement and acceleration channel 

2. Damping ratio estimates, ~i' versus the mean response amplitude, U*i. 

3. Fourier Amplitude versus period displaying the observed fundamental period peak. 

These plots are located preceding the shake table test plots for the respective specimen described 

in the next section. 

4.2.3 SDOF Shake Table Tests 

A summary of the shake table test results is provided in Table 4-4, following the schedules 

established for each specimen and described in the previous chapter. The following peak input 

and response parameters are defined: 

Span = 

Input PGA = 

Output PGA = 

Max. Drift = 

ihmax = 

V*max = 

ur = 

Actuator span setting (Volts) 

Target peak table acceleration (g) 

Measured table PGA after filtering (g) 

Maximum relative displacement of the structure, in terms of displacement 

(mm) and also expressed as inter-story drift, i.e. normalized by the average 

column height of the specimen (%) 

Maximum total acceleration of the structural mass (g) 

Maximum estimated base shear, not corrected for P-A (N) 

Residual displacement at end of test (mm) 

The significance of these results is discussed in the next chapter. 
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TABLE 4-4 Shake Table Test Results 

Test 
Span Input PGA Output PGA Max. Drift UTmax V*max ur 

(V) (g) (g) (mm) I (%) (g) (N) (mm) 
SpeCImen 1 

1 5.25 0.114 0.148 3.7 2.72 0.332 135.8 0.0 

2 7.50 0.163 0.198 4.8 3.52 0.387 155.2 0.2 

3 10.00 0.217 0.274 5.8 4.26 0.420 155.2 0.4 

4 10.00 0.217 0.277 6.0 4.37 0.429 155.2 0.2 

5 1.00 0.089 0.116 2.5 1.81 0.231 97.0 0.1 

6 3.33 0.295 0.335 5.9 4.33 0.431 159.1 0.3 

7 5.00 0.443 0.491 10.5 7.67 0.495 209.6 1.7 

8 6.00 0.531 0.583 13.5 9.81 0.527 236.7 0.8 

9 7.00 0.619 0.674 16.0 11.68 0.545 229.0 3.1 

10 8.00 0.708 0.779 87.2 63.54 0.607 279.4 86.1 

11 7.00 0.619 0.643 (>~) 0::-, -- -- C() 

SpeCImen 2 

1 2.50 0.054 0.097 3.2 2.35 0.137 94.2 0.5 

2 3.50 0.076 0.112 4.1 2.98 0.169 118.8 0.9 

3 4.50 0.098 0.130 4.6 3.38 0.186 131.1 0.9 

4 5.50 0.119 0.177 5.0 3.62 0.203 151.6 0.9 

5 6.50 0.141 0.287 5.2 3.79 0.217 155.7 0.7 

6 7.50 0.163 0.192 5.8 4.20 0.227 163.9 0.7 

7 8.50 0.184 0.257 6.6 4.79 0.233 168.0 1.0 

8 10.00 0.217 0.252 7.4 5.42 0.246 188.4 2.7 

9 10.00 0.217 0.342 11.9 8.67 0.253 221.2 8.1 

10 10.00 0.217 0.325 c':) 0:, -- -- ,r, 

SpeCImen 4 

1 0.75 0.016 0.043 1.2 0.87 0.035 34.9 0.1 

2 2.00 0.043 0.095 3.0 2.22 0.097 93.0 0.3 

3 3.00 0.065 0.121 5.3 3.84 0.135 135.7 0.6 

4 4.00 0.087 0.146 7.4 5.39 0.158 158.9 1.5 

5 5.00 0.109 0.176 10.6 7.70 0.173 166.7 5.3 

6 6.00 0.130 0.408 ():=) 0:) -- -- co 

SpeCImen 5b 

1 0.50 0.011 0.027 3.7 4.02 0.017 57.2 2.0 

2 1.25 0.027 0.079 or) 0:) -- -- 0:) 
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TABLE 4-4 (cont'd) Shake Table Test Results 

Test 
Span InputPGA Output PGA Max. Drift "Tmax V*max Ur 

(V) (g) (g) (mm) I (%) (g) (N) (mm) 
SpeCImen 6 

1 5.25 0.114 0.154 16.1 3.89 0.317 414.1 0.1 
2 7.50 0.163 0.213 22.6 5.49 0.360 453.6 2.4 
3 10.00 0.217 0.330 26.4 6.41 0.362 463.5 4.6 
4 10.00 0.217 0.277 25.2 6.10 0.358 463.5 3.9 
5 1.00 0.089 0.122 27.1 6.58 0.225 276.1 1.1 
6 3.33 0.295 0.335 25.9 6.27 0.351 443.7 1.2 
7 5.00 0.443 0.560 28.4 6.89 0.365 473.3 0.1 
8 6.00 0.531 0.592 36.0 8.74 0.356 493.0 4.5 
9 7.00 0.619 0.698 45.3 11.00 0.359 473.3 14.1 
10 8.00 0.708 0.770 73.5 17.83 0.381 473.3 59.8 

11 7.00 0.619 0.705 c<) ('/:) -- -- 0':) 

SpeCImen 7 

1 2.00 0.043 0.067 8.6 2.51 0.147 132.0 0.2 
2 3.00 0.065 0.095 12.2 3.56 0.197 178.2 0.2 
3 4.00 0.087 0.131 16.2 4.72 0.222 231.0 2.8 
4 5.00 0.109 0.147 25.1 7.29 0.208 231.0 13.4 

5 6.00 0.130 0.346 00 021 -- -- co 

SpeCImen 8 
1 1.25 0.027 0.055 13.0 4.72 0.072 74.3 0.1 
2 2.50 0.054 0.086 20.8 7.58 0.105 113.4 2.0 
3 3.50 0.076 0.233 30.1 10.96 0.110 187.7 19.9 

4 4.50 0.098 0.181 co O~) -- -- co 

SpeCImen 9 

1 1.25 0.027 0.060 7.6 3.69 0.048 86.9 0.8 
2 1.50 0.033 0.064 10.1 4.89 0.055 115.0 2.4 
3 1.75 0.038 0.078 17.6 8.54 0.058 138.1 13.4 

4 2.00 0.043 0.147 co 0:) -- -- OJ 

SpeCImen 10 

1 0.751 0.066 0.118 1 00 1 0:; -- 1 
I: 200 Hz sampling of shake table input 
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TABLE 4-4 (cont'd) Shake Table Test Results 

Test 
Span Input PGA Output PGA Max. Drift iiTmax V*max Ur 

(V) (g) (g) (mm) I (%) (g) (N) (mm) 
SpeCImen lOb 

1 0.50 0.011 0.026 3.6 2.63 0.022 18.8 1.1 
2 0.75 0.016 0.035 6.9 5.01 0.039 36.8 2.1 
3 1.00 0.022 0.045 8.9 6.51 0.051 52.4 2.8 
4 1.25 0.027 0.051 12.3 8.98 0.052 72.8 6.8 
5 1.50 0.033 0.058 12.6 9.17 0.048 71.2 8.1 

6 1.75 0.038 0.069 ()::i CA') -- -- 0:) 

SpeCImen 11 

1 4.00 0.087 0.l32 23.7 4.32 0.271 184.2 0.7 
2 5.25 0.l14 0.166 32.2 5.86 0.324 206.3 3.1 
3 7.50 0.163 0.201 45.7 8.32 0.352 206.3 12.8 
4 10.00 0.217 0.262 58.1 10.57 0.346 221.0 24.3 
5 10.00 0.217 0.244 63.7 11.59 0.316 221.0 35.7 
6 10.00 0.217 0.248 82.4 15.00 0.303 228.4 63.2 

7 10.00 0.217 0.242 c'-) c,~, -- -- co 

SpeCImen 12 
1 3.50 0.076 0.124 26.3 5.74 0.183 197.9 4.7 
2 5.00 0.109 0.166 34.5 7.53 0.184 212.8 14.1 

3 7.00 0.152 0.408 O~I (;() -- -- O~ 

SpeCImen l3 
1 2.50 0.054 0.085 25.3 6.91 0.100 114.4 0.8 
2 3.50 0.076 0.103 28.0 7.64 0.099 123.2 2.6 
3 4.50 0.098 0.122 32.1 8.78 0.103 l32.0 1.0 
4 5.50 0.119 0.161 45.8 12.52 0.102 158.4 28.3 

5 6.50 0.l41 0.222 0::, C/.! -- -- co 

SpeCImen 14 
1 1.25 0.027 0.053 12.8 4.64 0.030 60.8 1.4 
2 1.50 0.033 0.073 15.6 5.69 0.033 74.1 2.7 
3 1.75 0.038 0.070 17.0 6.16 0.034 77.9 4.0 
4 2.00 0.043 0.083 20.4 7.42 0.035 85.5 10.2 

5 2.25 0.049 0.402 0::' c-:.) -- -- (X) 

SpeCImen 15 

1 I 0.75 I 0.016 0.100 I co Ie:) co 

I: 200 Hz sampling of shake table input 
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Note that, for all tests reported here, a 20 Hz lowpass filter was used during post-processing of 

the measured table accelerations. These accelerations were analyzed in the frequency domain 

using the FFT technique, and an abrupt cut-off frequency of 20 Hz was used in the filtering 

procedure to eliminate all frequencies above that point before inverting back to the time domain. 

This was done to eliminate high frequency noise that would otherwise have caused the recorded 

peak ground acceleration values to appear larger than the peak ground acceleration "effectively" 

acting on the structure. Note that the fundamental frequencies of the specimens are well below 

20 Hz, which justifies the selected filtering threshold. 

The insignificance of the high frequency noise present within the recorded acceleration records 

on structural response is demonstrated by comparison of elastic time history analyses. Elastic 

response spectra were generated using the target, unfiltered, and filtered table acceleration time 

histories as input. Listed in Table 4-5 is the elastic spectral acceleration for the target ground 

motion, Sa-target, the measured ground motion, Sa-meas., and the filtered ground motion, Sa-filt, for 

each specimen. 

The ratios Sa-filt/Sa-target and Sa-measlSa-target are calculated over a range of periods bracketing the 

fundamental periods of the specimens investigated in the test program, namely from 0.15 s to 

1.25 s. The ratio values calculated at the experimentally obtained period of the specimen, as well 

as the mean and standard deviation over the period range are reported in the table. The effect of 

the measured ground acceleration is closer to that of the target time history, for the range of 

periods under consideration, as the ratios approach unity. Good agreement is seen both at the 

experimentally obtained periods for each specimen (Spec.), and throughout the selected range of 

periods as shown by the Mean and Standard Deviation. 
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TABLE 4-5 Shake Table Acceleration Statistical Analysis 

Test Sa-target Sa-filt Sa-filt /Sa-target Sa-meas Sa-mea/Sa-target 
(g) (g) Spec. I Mean* I Std Dev.* (g) Spec. I Mean* I Std Dev. * 

SpeCImen 1 
1 0.326 0.335 1.030 1.005 0.047 0.337 1.035 1.005 0.047 
2 0.465 0.489 1.050 1.019 0.075 0.488 1.050 1.004 0.041 
3 0.620 0.633 1.021 1.017 0.074 0.489 0.788 0.753 0.030 
4 0.620 0.638 1.028 1.025 0.102 0.638 1.029 0.997 0.030 
5 0.234 0.188 0.802 0.948 0.075 0.188 0.803 0.953 0.054 
6 0.780 0.728 0.933 0.961 0.054 0.728 0.933 0.979 0.026 

7 1.172 1.103 0.941 0.976 0.051 1.103 0.941 0.980 0.029 

8 1.406 1.336 0.950 0.975 0.028 1.337 0.951 0.979 0.018 

9 1.641 1.530 0.933 0.971 0.040 1.529 0.932 0.981 0.025 

10 1.875 1.726 0.921 0.961 0.046 1.724 0.919 0.973 0.031 

11 1.641 1.605 0.978 0.982 0.022 1.604 0.978 0.986 0.011 
SpeCImen 2 

1 0.166 0.168 1.011 1.054 0.087 0.168 1.012 1.054 0.087 
2 0.233 0.228 0.979 1.049 0.073 0.228 0.978 1.049 0.073 
3 0.299 0.303 1.013 1.053 0.063 0.303 1.013 1.053 0.063 
4 0.366 0.379 1.037 1.069 0.064 0.379 1.038 1.069 0.063 
5 0.432 0.452 1.045 1.072 0.065 0.452 1.045 1.072 0.066 
6 0.499 0.493 0.989 1.059 0.060 0.493 0.989 1.059 0.061 
7 0.565 0.550 0.973 1.054 0.049 0.550 0.973 1.054 0.049 
8 0.665 0.658 0.990 1.058 0.047 0.658 0.990 1.058 0.048 
9 0.665 0.680 1.022 1.053 0.037 0.680 1.023 1.053 0.037 
10 0.665 0.675 1.015 1.058 0.054 0.675 1.015 1.058 0.054 

SpeCImen 4 

1 0.055 0.064 1.168 1.217 0.407 0.064 1.168 1.217 0.407 
2 0.147 0.156 1.061 1.127 0.226 0.156 1.061 1.126 0.226 
3 0.220 0.223 1.011 1.089 0.125 0.223 1.011 1.089 0.125 
4 0.294 0.309 1.050 1.073 0.090 0.309 1.050 1.073 0.089 
5 0.367 0.398 1.082 1.073 0.085 0.398 1.082 1.073 0.085 

6 0.441 0.474 1.074 1.075 0.085 0.474 1.074 1.076 0.086 
SpeCImen 5b 

1 0.035 0.028 0.797 1.136 0.397 0.028 0.797 1.136 0.397 
2 0.087 0.067 0.775 1.197 0.575 0.067 0.775 1.197 0.575 

*Period Range: 0.15 s < T < 1.25 s 
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TABLE 4-5 (cont'd) Shake Table Acceleration Statistical Analysis 

Test Sa-target Sa-filt Sa-filt /Sa-tar~et Sa-meas Sa-mea/Sa-tar~et 
(2) (2) Spec. I Mean* I Std Dev.* (2) Spec. I Mean* I Std Dev.* 

SpeCImen 6 
1 0.284 0.305 1.073 1.069 0.059 0.305 1.073 1.069 0.059 
2 0.406 0.427 1.051 1.061 0.060 0.427 1.052 1.061 0.060 
3 0.542 0.573 1.057 1.055 0.057 0.573 1.058 1.056 0.057 
4 0.542 0.564 1.042 1.059 0.048 0.564 1.042 1.059 0.048 
5 0.249 0.242 0.973 0.998 0.050 0.242 0.973 0.998 0.049 
6 0.828 0.850 l.026 1.037 0.037 0.850 1.026 1.037 0.037 
7 1.243 1.274 l.025 1.032 0.022 1.274 1.025 1.032 0.022 
8 1.492 l.536 1.029 1.038 0.021 1.536 1.030 1.038 0.021 
9 1.741 1.782 1.024 l.045 0.025 1.782 1.024 1.045 0.026 
10 1.990 2.078 1.044 1.046 0.019 2.078 1.044 1.046 0.019 
11 l.741 l.817 1.044 1.050 0.024 1.817 1.044 l.051 0.024 

SpeCImen 7 
1 0.134 0.135 1.011 l.077 0.106 0.135 1.011 l.077 0.106 
2 0.200 0.209 1.046 l.054 0.058 0.210 1.048 1.054 0.058 
3 0.267 0.279 l.044 l.061 0.061 0.279 1.044 l.061 0.061 
4 0.334 0.350 l.049 1.063 0.062 0.350 l.049 1.063 0.062 
5 0.401 0.421 l.051 l.073 0.068 0.421 l.052 l.073 0.068 

SpeCImen 8 
1 0.073 0.073 1.008 1.107 0.211 0.073 1.008 1.107 0.212 
2 0.145 0.151 l.043 1.060 0.093 0.151 1.043 1.060 0.092 
3 0.203 0.208 1.023 1.068 0.079 0.208 l.023 1.068 0.079 
4 0.261 0.274 1.048 l.054 0.099 0.274 1.048 1.055 0.100 

SpeCImen 9 
1 0.056 0.056 0.999 1.092 0.203 0.056 0.999 l.092 0.203 
2 0.068 0.068 l.005 l.085 0.158 0.068 l.005 1.085 0.157 
3 0.079 0.081 l.029 1.108 0.152 0.081 l.029 1.109 0.153 
4 0.090 0.093 l.026 l.125 0.184 0.093 1.026 l.127 0.186 

SpeCImen 10 
1 0.044 1 0.040 1 0.9041 1.231 1 0.444 1 0.040 1 0.9041 1.234 0.452 

*Period Range: 0.15 s < T < 1.25 s 
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TABLE 4-5 (cont'd) Shake Table Acceleration Statistical Analysis 

Test Sa-target Sa-filt Sa-filt /Sa-target Sa-meas Sa-meaJSa-tare;et 
(g) (g) Spec.! Mean* ! Std Dev.* (g) Spec.! Mean* ! Std Dev. * 

SpecImen lOb 
1 0.024 0.020 0.854 1.095 0.384 0.020 0.854 1.095 0.384 
2 0.036 0.033 0.932 1.064 0.296 0.033 0.932 1.064 0.296 
3 0.047 0.045 0.939 1.045 0.215 0.045 0.939 1.045 0.214 
4 0.059 0.058 0.977 1.041 0.176 0.058 0.977 1.041 0.175 
5 0.071 0.067 0.943 1.021 0.147 0.067 0.943 1.021 0.147 
6 0.083 0.079 0.955 1.039 0.201 0.079 0.955 1.039 0.201 

SpecImen 11 

1 0.261 0.266 1.021 1.057 0.078 0.266 1.021 1.057 0.078 
2 0.342 0.354 1.035 1.055 0.070 0.354 1.035 1.055 0.070 
3 0.489 0.505 1.032 1.051 0.061 0.505 1.032 1.051 0.060 
4 0.652 0.669 1.026 1.052 0.058 0.669 1.026 1.052 0.058 
5 0.652 0.673 1.032 1.049 0.050 0.673 1.032 1.049 0.050 
6 0.652 0.672 1.030 1.047 0.044 0.672 1.030 1.047 0.044 

7 0.652 0.672 1.030 1.047 0.044 0.672 1.030 1.047 0.044 
SpecImen 12 

1 0.242 0.240 0.991 1.050 0.082 0.240 0.990 1.049 0.082 
2 0.345 0.350 1.012 1.054 0.073 0.350 1.012 1.054 0.073 
3 0.484 0.508 1.050 1.058 0.075 0.508 1.050 1.057 0.075 

SpecImen 13 

1 0.131 0.134 1.025 1.065 0.096 0.134 1.024 1.065 0.096 
2 0.183 0.190 1.039 1.053 0.068 0.190 1.039 1.053 0.069 
3 0.235 0.242 1.027 1.041 0.056 0.241 1.027 1.041 0.056 
4 0.287 0.299 1.042 1.056 0.051 0.299 1.042 1.057 0.052 
5 0.340 0.352 1.035 1.063 0.054 0.352 1.035 1.063 0.054 

SpecImen 14 

1 0.038 0.039 1.023 1.102 0.180 0.039 1.023 1.102 0.179 
2 0.046 0.046 1.000 1.084 0.159 0.046 1.000 1.084 0.159 
3 0.053 0.143 2.676 2.678 0.143 0.055 1.023 1.069 0.122 
4 0.061 0.061 1.000 1.077 0.122 0.061 1.000 1.077 0.122 
5 0.069 0.069 1.004 1.109 0.232 0.069 1.004 1.112 0.242 

SpeCImen 15 

0.048 1 0.0471 0.9871 0.9961 0.090 1 0.047 1 0.9871 0.996 0.091 

*Period Range: 0.15 s < T < 1.25 s 
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The following four series of plots are sequentially provided for each specimen to demonstrate the 

inelastic behavior: 

1. Seismic response of shake table tests including time history plots of target table 

acceleration, measured and filtered table acceleration, total mass acceleration, relative 

mass displacement, as well as a plot of estimated base shear, including P-~, V p *, versus 

relative displacement. 

2. Time history plots of relative displacement for each test in the schedule for comparison of 

displacements throughout the range of progressive collapse. 

3. Plots of estimated base shear, V p *, normalized by the plastic base shear, Vyo, versus 

displacement ductility, Jl. 

4. Plots of estimated base shear, V p *, normalized by the plastic base shear, Vyo, versus 

percent drift, Y (=urel-max/Lavg). 

The first type of plot is provided for every test of Specimens 1,6, and II (Figures 4-2 to 4-12, 

4-32 to 4-42, and 4-71 to 4-77). For the remaining specimens, only tests resulting in large 

inelastic action and collapse are provided (although the entire data set is available electronically). 

These plots, along with the free vibration results described in the previous subsection, are found 

in Figures 4-1 to 4-98. 

4.2.4 Exceptions 

A few specimens could not be tested, as they failed during the erection procedure. Specimens 3 

and 5 each had one column buckle prior to shake table testing. Initial imperfections and an 

unsuccessful execution during the delicate procedure of placing the mass plates on such small 

columns both contributed to the collapse of these specimens. 

Specimen 10 collapsed early in the first run of its test schedule for a different reason: Input from 

the LABTECH software used to drive the table actuator was accidentally set at a 200 Hz 

sampling rate instead of 100 Hz. This resulted in a compressed time-scale for the input 

earthquake and thus a ground motion with higher frequency content. As a result, the test 

structure was subjected to a more severe excitation and collapsed well before what would have 

been expected under the correct time-scale ground motion. 
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Specimen 15 suffered from initial fabrication imperfections. As a result, prior to testing, the test 

structure had a substantial initial lean towards the south when the mass was released from the 

overhead crane support. This initial lean precipitated the structure's collapse early in the first 

test of the schedule. 

Two additional specimens, labeled 5b and lOb, of same nominal dimensions as specimens 5 and 

10, were fabricated in an attempt to provide some of the data lost by the premature collapses. 

These specimens were fabricated from 118" square AISI M1 cold-rolled tool steel as the steel and 

special machining of the original specimens was not available. However, tension tests revealed 

that this type of work-hardened steel has an average elastic modulus and yield strength of 

269,809 MPa (39,133 ksi) and 1030 MPa (150 ksi), respectively. These differences should be 

kept in mind while reviewing the test results. 
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FIGURE 4-1 Free Vibration Test of Specimen 1 
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FIGURE 4-2 Seismic Response of Specimen 1 - Triall 
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FIGURE 4-3 Seismic Response of Specimen 1 - Trial 2 
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FIGURE 4-4 Seismic Response of Specimen 1 - Trial 3 
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FIGURE 4-20 Specimen 2 - Normalized Base Shear vs. Drift 
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5.1 General 

SECTION 5 
DISCUSSION OF RESULTS 

This section discusses the experimental shake table tests results presented earlier. An example of 

how to use of the test data for model calibration/verification is presented, using a simple inelastic 

program for illustration purposes, for one of the tested specimens. The location of the specimen 

physical data and test results is summarized for this purpose. The effect of various damping 

ratios on the analysis results is shown through comparison with a shake table test. A progressive 

bilinear dynamic analysis is performed in two ways to compare with the shake table test results. 

All of the specimens are investigated with respect to the behavior over the entire test schedule. 

Peak response parameters are normalized and investigated for behavioral trends as a function of 

some of the key parameters defined in section 2. The progressive test results are compared to 

proposed limits to minimize P-~ effects on highway bridge piers, as well as with axial-moment 

strength interaction considering both first and second order effects. 

5.2 How to Use Experimental Data for Analytical Model Verification 

Data from the experiments perfonned in this research can be used to assess the ability of SDOF 

time history analysis programs to model inelastic structural behavior up to collapse. To illustrate 

how the experimental data can be accessed and used for this purpose, an example follows using 

the simple freeware program NONLIN (Charney 1998), used in the preliminary analyses 

conducted to design the specimens. 

5.2.1 Where to Find the Data 

Specimen data necessary for model verification was presented in the description of the 

experimental setup in section 3. The dimensions of each column comprising the specimen are 

listed in table 3-4 and the average of those dimensions is listed in table 3-5. The orientation of 

the columns as tested is found in table 3-6. Finally, the average mass applied to each column is 

found in table 3-1. The average properties from those tables are summarized in table 3-2 along 

with the average bilinear properties, K], K2, and e, according to the equations in section 2. 
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Measured yield stresses discussed in section 4.2.1 are used to calculate the plastic moment of the 

section, and subsequently the plastic base shear, Vyo, and the yield displacement, L\y. These 

geometric and physical properties of the specimens can be used to construct the bilinear 

analytical model. 

Filenames for test results are found in table 3-11. These files are in ASCII text in tabular form 

with data organized according to the convention described in section 3.6.3. Each file contains 

displacement and acceleration time histories of the table and specimens, for each of the data 

channels described in section 3.5 and illustrated in figure 3-12, and strain gage results for one 

column as identified in table 3-10. 

Analysis of a test specimen was carried out using the average data described above from 

section 3 as model input, and results are presented in the following section. Note that the 

analyses are carried out on one column of the four making up the specimen, with one quarter of 

the total specimen mass acting on it. Also note that the recorded shake table acceleration, listed 

in g's in the sixth column of the above-mentioned data file, is processed by the 20 Hz lowpass 

filter, previously described in section 4.2.3, prior to its use as the input ground motion. 

5.2.2 Effect of Damping on Analytical Results 

The damping of the specimens tested is highly nonlinear, as shown by the free vibration tests in 

the previous section. Consider Specimen 11, which has a measured fundamental period of 0.597 

seconds, only 0.32% more than the predicted value (table 4-2). The minimum, average, and 

maximum of the three damping estimates made for all data channels are 0.640, 1.804, and 

3.497%, respectively. That range of values produces varying analytical results as expected. The 

response history of displacement calculated by NONLIN for each of the three damping ratio 

values is shown in figure 5-1 for the first test of the schedule, with the relative displacement 

measured by the HorEast channel, and corrected by the measured vertical displacement as 

described previously in section 3.8.2. 

Considering the first case (a) using the minimum HorEast estimated damping ratio of 0.640%, 

there appears to be marginally good agreement between experimental and analytical results until 

approximately 29 seconds. Following that time, there is an unexplainable phase shift between 
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the experimental and analytical results, which is corrected at approximately 36.5 seconds, and a 

mismatch of the displacement amplitudes in the two time histories for the remaining duration of 

the response. 

A subsequent analysis was performed using the average damping ratio of 1.804%. The results of 

this analysis, plotted in figure 5-1 (b), show good agreement in displacement amplitudes until 

approximately 36.5 seconds, except for the phase shift once again starting at 29 seconds, 

followed by the same underestimate of experimental response observed in case (a). 

A third and final analysis was perfonned using 3.497% - the maximum estimate from the 

AccWest free vibration history. The results are displayed in figure 5-1 ( c). The agreement 

between the measured and predicted time histories is similar to that obtained using the average 

damping ratio, but the analysis results underestimate the response before the 36 seconds mark, as 

is expected by the increase in damping. 

Note that NONLIN utilizes a constant damping ratio for the duration of the analysis. This may 

account for the discrepancies in various parts of the time history, as the free vibration tests 

showed that the damping ratio varies with the amplitude of vibration. For that reason, none of 

the three values of damping seem to give better results. It appears that a program able to 

consider non-linear damping (i.e. varying as a function of displacement amplitude) might 

provide some improvement, but such an investigation is beyond the current scope of work. 

Figure 5-2 shows the specimen total acceleration response history results for the same test again 

compared with results from the same three NONLIN analyses. Note that the qualitative 

differences between measured and analytical response histories are identical to that of the 

displacement histories. 
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5.2.3 Force-Displacement Comparison 

Analytically and experimentally obtained lateral force versus displacement results were 

compared for the same shake table test, and subsequent tests in the schedule, by performing a 

series of non-linear dynamic analyses using a bilinear elastic-perfectly plastic model. The 

average damping ratio estimate of 1.804% was used for each analysis. The bilinear parameters 

of the virgin specimen were obtained from the data presented in section 3 as described above, 

and used for the NONLIN model. However, when the specimen experienced a residual 

displacement at the conclusion of a test, the model was modified for the subsequent test to 

account for the lower yield stress upon reloading due to p-~ effects and bias in the cumulative 

drifts. 

Figure 5-3 shows, for the assumed bilinear force-displacement model, the reduced yield level, 

~vp " following a residual displacement, ur • From the geometry, an expression can be written, in 

terms ofur, the elastic stiffness including p-~, kj , the stability factor, e, and yield displacement, 

~y, using the various relations from section 2.2: 

Q) 

U 
L 
o 

LL 

CCl 
L 
Q) 

-+-l 
CCl 

--l 

~y 

(5-1) 

Displacement ~u 

FIGURE 5-3 Bilinear Lateral Force versus Displacement model for SDOF structure 

The series of bilinear dynamic analyses was performed accordingly: First, the experimentally 

obtained residual displacement from each test was used to calculate the reduced yield force for 

the subsequent analysis (referred to as Method 1 hereafter). Second, the residual displacement 
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obtained analytically was used to calculate the reduced yield force (Method 2). Note that 

Method 2 is a purely analytical approach, whereas Method 1 is a hybrid in that the experimental 

results are used to "adjust" each successive analysis. 

Table 5-1 summarizes the residual displacement and reduced yield force values for each of these 

methods. The analytical results are plotted next to the experimental results for each of the two 

methods in figures 5-4 and 5-5, respectively. The experimental results are displayed in the left 

column of these figures, using the estimated base shear corrected for p-~, Vp* (defined in 

section 3.8.4), and relative horizontal displacement (measured by the HorEast transducer and 

corrected by the vertical measurements as described in section 3.8.2). The analytical results are 

in the right column of the figures, displaying the analytical base shear force, fs, versus relative 

displacement. Note that neither method provides a good match with experimental data, and that 

the second method predicted collapse before the final test. 

As observed previously for the elastic analyses in figure 5-1, the damping is underestimated for 

part of the analyses, resulting in the higher displacements and premature collapse obtained 

analytically. Note that these analyses are used for illustration purposes only. It is expected that 

more accurate and refined analytical models will be used, calibrated and developed to match, 

until collapse, the data from these benchmark experiments. 

TABLE 5-1 Yield Force Reductions - Specimen 11 

Test Vyp 
, 

Ur ~Fy Vyp 
, ur ~Fy 

(N) (mm) (N) (N) (mm) (N) 
Experimental Analytical 

1 255.0 0.7 -0.8 255.0 0.0 0.0 
2 254.2 3.l -3.4 255.0 0.0 0.0 
3 251.6 12.8 -14.2 255.0 17.0 -18.9 
4 240.8 24.3 -27.0 236.1 60.7 -67.4 
5 228.0 35.7 -39.7 187.6 91.5 -101.6 

6 215.3 63.2 -70.2 153.4 Q -
7 184.8 Q - - - -

Vyp = 255 N, k j = 8.05 N/mrn 

8= 0.138 L1y = 31.67 mrn 
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5.3 Behavioral Trends 

The value of the stability factor, e , has a significant effect on the response of the structure. In 

practical bridge and building structures, e is unlikely to be greater than 0.10, and is generally less 

than 0.060 (Priestley, MacRae and Tao 1993). Specimen 1 is found to be the only one here that 

has a e value near that suggested practical range for the stability factor, with a value of 0.065. 

Specimens 2,6, and 11 have stability factors slightly larger than the likely upper limit, at 0.123, 

0.101, and 0.138, respectively. All other specimens have a value ofe ~ 0.155. 

A graphical study of peak response parameters is located in Appendix C. Three dimensionless 

acceleration parameters, Vo * N yo, SaI(Vyo/W), and ih/(Vyo/W), were compared with five 

dimensionless displacement parameters, f.1, uri ~coll, f.1/Jls, uri Urel-max, and urel-maxiL. The results 

from all specimens considered together, as well as by grouping of the data over four ranges of 

the stability factor, namely: e~O.I, 0.1 <e~0.3, 0.3<e~0.5, and e >0.5. The following general 

observations can be made: 

• The elastic spectral acceleration, Sa, ductility, f.1, and percent drift, ,¥, were observed to have 

inverse relationships with e. In support of this observation, these variables are plotted in 

figures 5-6, 5-7, and 5-8, respectively, versus the stability factor for the next to last test 

(given subscript "final"). This suggests that the structures may be less able to undergo large 

inelastic excursions before imminent instability as the stability factor increases. Specimens 1 

and 6, which have the lowest values of e tested, were the only specimens able to withstand 

spectral accelerations greater than 0.75 g. 

• Specimen 1 was the only specimen that underwent both a ductility greater than five (20.35), 

and a drift larger than 20% of the specimen height (64%), prior to collapse, as shown in 

figures 5-7 and 5-8, respectively. Recall that this is the only specimen that has a value of 

e less than 0.1. 
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The static stability limit, /ls, can be expressed as the inverse of the stability factor, as derived in 

section 2. The same set of ordinate parameters previously discussed is plotted versus /ls in 

figure 5-9 through 5-11. A reverse trend than shown in figure 5-6 to 5-8 is observed, as 

expected. In figure 5-10, the line f.1 final = /ls is shown for clarity. Only Specimen 1 was able to 

achieve ductility greater than the static stability limit on the next to last test. 
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Overall, figures 5-6 to 5-11 show a high dependence of ultimate inelastic behavior upon the 

stability factor for a P-L1 affected structure. For the specimens tested in this research, those that 

had a value of e equal to or greater than 0.1, tended to have a relatively low level of inelastic 

behavior before collapse of the structure. Structures with e <0.1 were able to withstand ground 

motions with higher spectral accelerations, experience larger values of ductility, and accumulate 

larger drifts, than those with e >0.1. The more slender structures, characterized by a larger 

e value, will undergo relatively small inelastic excursions prior to collapse. 

5.4 Comparison with NCHRP 12-49 Proposed P-.d Limits 

The National Cooperative Highway Research Program (NCHRP), Project 12-49, under the 

auspices of the Transportation Research Board, is investigating seismic design of bridges from 

all relevant aspects. At the conclusion of this project, proposed revisions to the current LRFD 

specifications for highway bridges will be presented to the American Association of State 
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Highway Transportation Organizations (AASHTO) for review and possible implementation. 

Included in the proposed revisions, are how additional demands from P-L1 affect structural 

performance. The most recent proposed provision, as of this writing, states: 

The displacement of a pier or bent in the longitudinal and transverse direction must satisfy 

proposed AASHTO LRFD Equation 3.10.3.9.4-1: 

where: 

L1m = Rd X L1 

L1m:::; 0.25· C .(W]. H 
p) 

~ = Factor related to response modification factor and fundamental period 

L1 = Displacement demand from the seismic analysis 

C = Seismic base shear coefficient based on lateral strength 

W = Weight of the mass participating in the response of the pier 

P = Vertical load on the pier from non-seismic loads 

H = Height of the pier 

(5-2) 

For analysis of the specimens in this research, the W/P ratio is equal to unity, and the measured 

experimental displacements, ure], and estimated base shear coefficient, Cs *, can substitute for L1m 

and C, respectively. 

In figure 5-12 the proposed limit is compared with the peak experimental responses. The 

estimated base shear coefficient, Cs *, is plotted as a function of the maximum drift, 'Y. In 

figure 5-12(a), the specimens with 8 < 0.25 (1,2,4,6, 7, 11, and 12) are shown. During the 

initial tests, when the proposed limit was satisfied, none of these specimens failed. Due to 

repeated inelastic action, the cumulative drifts of the structure increased, eventually causing 

progressive collapse and violating the proposed limit. Collapse always occurred only after the 

limit was exceeded in a prior test, thus validating the proposed criterion. As shown in 

figure 5-12(b), the remaining specimens, for which 8 2:: 0.25, never satisfied the drift criteria, 

even for those tests that remained in the elastic range. The stability factor for these specimens, 

however, is well above the practical range discussed previously in section 5.3; therefore, the 

limit violation is of no consequence. 
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5.5 Specimen Stability Analysis 

The shake table test data is compared with various axial-moment interaction curves. The axial 

load on the specimen is constant, while the moment demand varies with the relative 

displacement. Axial-moment capacity of the specimen is calculated through first order equations 

that only consider the cross section strength, while the second order equations consider 

geometric effects in the overall stability of the specimen. 

Both of the following equations can represent first order strength of the specimen: 

Mpr P. __ + __ 1I_=1 

Mp 2·P." 

where: 

Mp = Plastic moment capacity of section 

p. 
for :.....!:!....~ 0.2 

p." 

P. 
for:-u <0.2 

p." 

Mpr = Reduced plastic moment capacity due to presence of axial load 

Pu = Axial load on column 

P y = Axial yield strength of column 

(5-3a) 

(5-3b) 

The fonner, (5-3a), is the parabolic strength interaction equation for a rectangular cross section 

(Bruneau et. aI1998), while the latter, (5-3b), is a bilinear fonn ofthe interaction equation 

similar to that used by AISC (1994). Note that both of these equations address neither column 

axial stability, nor additional moment demand due to P-~ effects. 

Axial stability can be accounted for through the substitution of AISC-LRFD calculated axial 

compressive strength, Pn, for axial yield strength, Py. Moment magnification due to P-~ effects 

can be accounted for by the use of the AISC moment magnification factor, B2, which is often 

used for the amplification of static loads: 
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B2 
1 

'L~I . L1 
1-

'LV ·L 

1 
(5-4) 

1-~ 
K·L 

1 
= 

1-6 

The reduced moment capacity, Mpr, in (5-3) is multiplied by B2 to account for secondary moment 

effects during the elastic range of behavior. Inelastic systems must be analyzed in a slightly 

different manner. Typically, assuming equivalent inelastic and elastic maximum displacement 

(Newmark and Hall 1982), and a ductility demand of 4 for actual building structures consisting 

of ordinary moment frames, the design shear force will be reduced by this amount, which is 

designated the Response Modification Factor, R. The resulting modified (5-4) is: 

1 
B2 =---

l-R·6 
(5-5) 

Note that, for a R value of 4, as the stability factor approaches 0.25, the denominator of the 

expression approaches zero, and therefore, B2 approaches infinity. When e > 0.25, this moment 

magnification factor is negative. Note that the inelastic amplification factor, ex , presented in 

section 2.4 (Bernal 1987), is conceptually similar to (5-5), but does not suffer from this 

mathematical singularity. Recall that this factor which accounts for inelastic behavior is: 

1+/3·6 
a=---'---

1-6 
(5-6) 

where: 

/3 = 1.87 . (u - 1) (5-7) 

where Il is the target ductility ratio. 

Reduced moment capacity and resulting shear force are calculated as shown previously in 

Appendix A. The resulting spectral acceleration capacities are calculated by removing the 

response modification factor from the equations. In the perspective to compare with interaction 

curves, this is equivalent to the spectral acceleration producing first yield by assessing elastic 
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behavior up to Mpr. These quantities are listed for the specimens tested in tables 5-2 and 5-3 for 

first order and second order analyses, respectively. 

Table 5-4 compares the maximum and minimum calculated spectral accelerations with the 

maximum measured mass acceleration, UTmax, and the maximum estimated base shear coefficient, 

Cso * and Cs *, respectively calculated by neglecting and including p-~ effects. Each of the 

specimens reached values of these factors which exceed the minimum calculated spectral 

acceleration, which was dictated by the inelastic moment amplification factor, a . 

The maximum calculated spectral acceleration was dictated by the section strength limit equation 

for all instances. Only Specimen 1, the only one with e <0.1, reached a value of uTmax 

exceeding its corresponding Sa-max. Considering the base shear coefficient without p-~ effects, 

Cso *, all of the specimens for which this value exceeds Sa-max have e <0.4, though not all 

specimens in this range of the stability factor reached this state. Specimens 1,6, and 12 all 

reached values of the base shear coefficient with p-~ effects, Cs *, larger than that of maximum 

calculated spectral acceleration. 
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6.1 General 

SECTION 6 
CONCLUSION 

The experimental data generated by this project provides a well-documented base of shake table 

tests of a SDOF system subjected to earthquakes of progressively increasing intensity up to 

collapse due to instability. This data will be useful for, and shared with, other researchers who 

may wish to validate or develop algorithms capable of modeling inelastic behavior of steel frame 

structures up to and including collapse. The data presented here will also be located on the 

world-wide-web (with all intermediate data files) for immediate access by those other 

researchers. 

The sizes of the specimens were chosen to allow testing to full collapse on a small-scale shake 

table. The size made the fabrication and erection of each of the test structures a delicate 

procedure. Once these procedures were standardized, tests could be performed in rapid 

succession while ensuring the safety of those performing the tests, as well as of the instruments 

recording data. Unscaled ground motions were used as the specimens were designed to fit actual 

parameters of interest, and not intended to be scaled models of actual structures. 

Fabrication quality, as in every structure, varied for the various columns tested here, even among 

those making up the same specimen. Imperfections were therefore measured in a number of 

ways to allow for their proper consideration in subsequent analytical modeling. A procedure was 

also developed to correct the displacement time histories accounting for angle changes at large 

displacements. 

Note that the damping of the specimens tested was measured to be non-linear. As a general 

trend, during free vibration testing, the damping ratio was observed to increase as the free 

vibration response amplitude decreased. This caused some modeling difficulties, when a 

simplified SDOF analysis program that only accounts for constant damping was used in an 

attempt to replicate the test results, even though this program was only used to illustrate how 

data generated by this research can be used. 
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The research presented here demonstrated a number of important points that must be considered 

in the design of slender steel structures. The stability coefficient, 8, has the most significant 

effect on the behavior of the structure. As 8 increases, the maximum attainable ductility, 

sustainable drift, and spectral acceleration, which can be resisted before collapse, all decrease. 

When this factor is larger than 0.1, the ultimate values of the maximum spectral acceleration, 

displacement ductility, and drift reached before collapse are all grouped below values of 0.75 g, 

5, and 20%, respectively. Stability coefficient values less than 0.1 tend to increase each of those 

response values significantly. 

All specimens exceeded the strength dictated by inelastic moment amplification factors. In 

addition, some specimens actually exceeded the calculated strength based on first order effects. 

Specimen 1, having the lowest value of the stability factor of all specimens, exceeded all 

calculated strengths. Considering the base shear coefficient without P-~ effects, Cso *, all of the 

specimens for which this value exceeds Sa-max have 8<0.4, though not all specimens in this range 

of the stability factor reached this state. In addition, Specimens 6 and 12 each reached a value of 

the base shear coefficient with P-~ effects, Cs *, larger than that of maximum calculated spectral 

acceleration. 

6.2 Recommendations for Further Research 

A larger range of specimens should be tested under various conditions to further quantify the 

nonlinear inelastic behavior of columns under dynamic P-~ effects. Parameters that should be 

considered are: 

1. The stability coefficient, 8: This appears to be the most significant parameter affecting 

behavior, as illustrated in this study. However, more tests should be performed to more 

accurately quantify the impact of this factor over various ranges, and in combination with 

other parameters. 

2. The frequency content of the ground motion with respect to the specimen being tested. 

The 1940 El Centro ground motion was utilized for all specimens in this study. A ground 

motion, measured or synthesized, with a more uniform response spectrum over the entire 

frequency range may be more desirable in removing the impact of ground motion as a 
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variable affecting the behavior of the specimens. Alternatively, the effects of large pulses 

(near-fault effects) versus more regular cyclical excitations could be considered. 

3. The specimen setup: The specimens were fabricated in a way that made minimization of 

imperfections difficult. The size at which the specimens were fabricated increases the 

likelihood of them being affected by the heat imparted when welding the pieces together. 

A different method of fabrication, possibly one in which the specimen is clamped into the 

base plate rather that welded to it, may be a more effective solution. 

4. The characterization of inherent damping in a highly non-linear system. This remains an 

important problem that deserves further investigation. 
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APPENDIX A 
PRELIMINARY DESIGN CALCULATIONS 

Specimen sizes were determined in the preliminary stages of this research based on the hand 

calculations summarized in the following pages. 

Relations were derived such that a range of column dimensions over each of the values of 

slenderness (i.e. 100, 150, 200) produced a wide range of values of axial demand versus plastic 

axial capacity so that possible trends could be observed more easily. Expressions for the limit 

behavior of a specimen were developed. Weight on the specimen and the displacements at 

formation of plastic collapse mechanism are presented in terms of the dimensions, the yield 

stress, and the spectral acceleration needed for plastic collapse. The ratio of axial demand to the 

axial force at yield is written in tenns of the plastic spectral acceleration and the slenderness ratio 

of the columns. These calculations appear on the following three pages. 

Following those calculations are tables of the final selected nominal sizes and various other 

parameters as described below: 

• Table A-I lists nominal dimensions of each specimen, followed by calculated mechanical 

properties: moment of inertia, I, plastic modulus, Z, plastic axial capacity, P y, plastic moment 

capacity, Mp, lateral shear force at first yield, Vy, and the lateral shear force at full plastic 

moment formation, V p. The spectral acceleration, Sa, required to develop V p in the specimen, 

and obtained using the procedures described in pages A-3 to A-6, is also listed. 

• Table A-2 lists the nominal specimens dimensions, resulting stiffness, and applied mass. All 

these quantities are needed to calculate the fundamental frequencies and periods listed. Also 

listed is the "design" base shear for elastic response, Ve, to find the level of table excitation 

needed to produce a target ductility ratio of /-l == 4, and defined as equal to R· Vp where R is 

taken as 4 in this case. The base shear coefficient (or spectral acceleration) is calculated for 

this value of the base shear and compared with the preliminary value listed in table A-I. 

Note that the definition of Ve is for convenience in obtaining useful predictions of table 

accelerations required to achieve target ductilities and ensure that the table excitation 

capabilities are not exceeded. While this was done assuming a bilinear model yielding at Mp 

A-I 



(i.e. Vp ), for the more sophisticated analyses expected to follow this study, one must 

recognize that rectangular sections have a shape factor of 1.5, and that consequently, 

Vp = 1.5· ~v 

• Table A-3 lists the results of dynamic analyses conducted to find the peak displacement 

response of each specimen. Both a linear-elastic model and an elastic-perfectly-plastic 

bilinear model were considered in these analyses, completed using the program NONLIN. 

The elastic-perfectly-plastic bilinear model with the P-~ effect included was used to calculate 

the minimum PGA that could theoretically be applied to the model so the model would 

progressively collapse under a single application of the ground motion history. This critical 

PGA was used to calculate the peak displacement response with an elastic response spectrum 

and also in the construction of an inelastic spectrum to compare with the NONLIN inelastic 

analyses. "N/A" is listed in the displacement column of the inelastic spectra results when no 

result could be read from the capacity-demand spectra plot. The minimum displacement 

response of all of these techniques is extracted for each specimen. A sample inelastic 

capacity-demand spectrum plot is shown for Specimen 2 in Figure A.l. 

• Table A-4lists the results of dynamic analyses to find the peak acceleration response of each 

specimen. Results are taken from the same analyses used in finding the displacement 

responses in Table A-3. Results are compared with the design spectral acceleration values 

for full plastic behavior. 

• Tables A-5 and A-6 list the results of strength and stability analyses using first and second 

order methods, respectively. Parabolic limit equations for section strength are used, as well 

as bilinear equations as per AISC (1994) using first order strength, and magnified using the 

AISC moment magnification factor, and the inelastic P-~ amplification factor presented in 

Chapter 2 (Bernal 1987). Four pages of sample calculations precede these tables, displaying 

the formulae used for the strength and stability check and results for Specimen 1, R=4. 

A- 2 



Preliminary Calculations to find Specimen sizes 

o 

L 

Rigid Plate on which other steel 

plates are piled and bolted, 

totaling re~uired weight 

4 Columns Tested Simultaneously 

1 *Columns Bent in Double Curvature with k=1.0 

Assumptions: F := 50 'ksi y 
k := 1,0 (Double Curvature) 

R := 4,0 (Response Modification Factor) 

Seismic Base Shear is given by: v=C 'W s 

Ve Sa 
V=-= 'W 

R R 

where: Sa: Design Spectral Response Acceleration 

W: Weight on structure (Full Slab=4W) 

Base Shear or Lateral Force on single column: 

S 'W a 
H=V=--

4 

Plastic Moment at Base due to this Force: 

h
3 

H'L Sa W'L 
M =-'F =-=-'-

P 4 Y 2 4 2 

A - 3 

(1) 

(2) 

(3) 



Plastic Axial Capacity of Section: 

2 
p=w P =h ·F y y (4a, b) 

3 
2' h 'F ~ y 

P W S 'L a 2'h 
-- = ---
Py h2'F h2'F S 'L a y y 

(5) 

For a given slenderness: k'L _ G" _ L . C
12 -- Iven-- -.JlL 

r h 

h 
where: r=- for sguare sections, and k=1.0 as stated previously 

fz 
Solving for h/L: hfz 

L k'L 

r 

Rewriting (5) in terms of Slenderness using (6): 

P 4.J; 
P k'L 

y S ._' 
a r 

Deformation due to reduced elastic Base Shear: ViR: 

3 
H 0.25·S a'W 0.25·S a'W'L 

~ R=-= =-----
Ks 12'E'1 E'h4 

L3 

Sa'W L 3 S a'W 

~R=--'- ---
4'E'h h 4'E'h 

k'L 3 

r 

A-4 

fz 

(6) 

(7) 

3 
(8) 



Substitute expression for Win (3) into (8): 

Sa 
3 

3 F ·L
2 

2·h ·F L Y Y 
,1. - . - = 

R- 4·E ·h S ·L h 2·E·h a 

(9) 

Preliminary Charts for square section of h =3/8" and h=1/8": 

Sa (g) I W (kip) I m (kg) I P/Py I ,1.R (in) I,1.R/L(,/o) 

kL/r = 200 L = 21.65 h = 3/8 

1.00 0.244 110 0.009 1.0776 4.98'/0 

0.50 0.487 221 0.017 1.0776 4.98% 

0.25 0.974 442 0.035 1.0776 4.98% 

kL/r = 150 L= 16.24 h = 3/8 

1.00 0.325 147 0.012 0.6061 3.73% 

0.50 0.650 295 0.023 0.6061 3.73% 

0.25 1.299 589 0.046 0.6061 3.73% 

kL/r = 100 L = 10.83 h = 3/8 

1.00 0.487 221 0.017 0.2694 2.49% 

0.50 0.974 442 0.035 0.2694 2.49'/0 

0.25 1.949 884 0.069 0.2694 2.49% 

Sa (g) I W (kip) I m (kg) I P/Py I ,1.R (in) I,1.R/L(%) 

kL/r = 200 L = 7.22 h = 1/8 

1.00 0.027 12.3 0.009 0.3592 4.98% 

0.50 0.054 24.5 0.017 0.3592 4.98% 

0.25 0.108 49.1 0.035 0.3592 4.98% 

kL/r = 150 L = 5.41 h = 1/8 

1.00 0.036 16.4 0.012 0.2020 3.73% 

0.50 0.072 32.7 0.023 0.2020 3.73% 

0.25 0.144 65.5 0.046 0.2020 3.73% 

0.13 0.144 65.5 0.092 0.2020 3.73% 

kL/r = 100 L = 3.61 h = 1/8 

1.00 0.054 24.5 0.017 0.0898 2.49% 

0.50 0.108 49.1 0.035 0.0898 2.49'/0 

0.25 0.217 98.2 0.069 0.0898 2.49% 

0.13 0.433 196.4 0.139 0.0898 2.49% 
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Strength & Stability Calculations 

(Check of Table values using Specimen #1 & R=4) 

Specimen #1 Properties(single column): E = 199948 0 NPa 

h = 4.8 o mm L := 137.2 'mm mass := 34.98·kg W:= mass'g W = 343 0 N 

Cross-Sectional Area: 

Plastic Section Nodulus: 

-3 3 
Z = 1.648'10 oin 

Noment of Inertia: 

h4 4 
I := - I = 42.9 omm 

12 

Radius of Gyration: 

r:= ~ r = 1.4 0 m m 

Assumptions: F := 50 ksi y 
k := 1.0 R:= 4 use <» := 1.0 for experiment 

Critical compressive stress 
k'L 

from Table 3-50 in AISC LRFD Nanual: <»F cr := 20.46 ksi for -r- = 100 

<» := 0.85 c 

Axial Capacity of Specimen #1: 

Plastic Noment: 

Plastic Axial Capacity: 

P .n .- ·A g P = 3764 0 N n 

N :=Z'F N =9309 oN'mm p y p 

P u := W 

A-ll 



Limit Analysis on Section: 

Ultimate moment that can be applied on column based on limit analysis of cross 

section strength interaction (Bruneau et al. 1998): 

M pr := [
1 

- :: 1M p 

Corresponding Base Shear: 

tv! = 9292 0 N . m m 
pr 

2'tv! pr 

L 
V Lim := 

V Lim 'R 
Corresponding Spectral Acceleration: S a.Lim:= W 'g 

1st Order Analysis (AISC 1994): 

P u 8 tv!u P u 

V Lim = 135.20N 

S a.Lim = 1.577 og 

--+-'--=:;1.0· if --~0.2 
<j>'P 9 <j>'tv! <j>.p n n n 

P u 
-- = 0.091 < 0.2 
<j>'P n 

(AISC HHa) 

Ultimate moment that can be applied on column based on 1st order strength 

interaction: 

P u 
.- ·1- --- . tv! 

2·<j>·P n 

Corresponding Base Shear: 

P 
tv! u.1 = 8885 0 N 'mm 

2·tv! u.1 
V1 :=--

L 

VfR 
Corresponding Spectral Acceleration: S a.1 := --'g 

W 

A-12 

tv! u.1 
-- = 95.44 0 10 
tv!p 

V 1 = 129.321 oN 

S a.1 = 1.5080g 



2nd Order Analysis (AISC 1994): 

M nt := 0 B 2=-----
1:P u'~ oh 

1-----
1:V'L 

B2 can be rewritten as: 

12'E'1 

B 2=--
P u 

1-
K'L 

where K := -- is the lateral column stiffness 
L3 

N 
K = 39.6 0

-

mm 

Noting that the stability factor is given by: 

B2 can be again rewritten as: 

P u 
8:=

K'L 

1 
B2 :=--

1 - 8 

B 2 = 1.067 

(AISC C1-1) 

(C1-4 ) 

8 = 0.063 

Ultimate moment on column based on 2nd order analysis and strength interaction: 

P u 
M 2:= 1- ---

u. 2'<j>'P 
n 

Given: 

M 2 = B326 0 N 'mm u. 

2'M P u .~ oh P u 

M u.2 
-- = B9.43 0 % 
Mp 

2'M=P 'R'~ + V'L u e or -- + L=- + L=L'(8 + 1) 
V V K 

2·M u.2 
Corresponding Base Shear: V .=----

2' L'(8+1) 

V 2'R 

Corresponding Spectral Acceleration: S 2:= --'g 
a. W 

A - 13 

V 2 = 113.999 0 N 

S a.2 = 1.329 0 g 



2nd Order Analysis, using inelastic amplification factor: 

Inelastic p-~ Amplification Factor (Bernal 1987): 

1 + ~·9 
a=--- where: ~ = 1.87· (~ - 1) 

1 -9 

taking a target ductility of 4: ~:= 1.87·( 4 - 1) ~ = 5.61 

1 + ~·9 
a :=--- a = 1.444 

1 - 9 

Ultimate moment on column based on 2nd order analysis and strength interaction: 

Pu 
M 2 := 1- ---

u. a 2.<I>.P 
n 

Given: 

Corresponding Base Shear: 

Mp 
- M u.2a = 6152 0 N ·mm 
a 

2·M u.2a 
V .=----

2a· L.(9+1) 

V2a ·R 

Corresponding Spectral Acceleration: S 2:= .g a. a W 

A - 14 

Mu.2a 
-- = 66.09 0/,0 

V 2a = 84.239 0 N 

S a.2a = 0.982 0 g 
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APPENDIXB 
EFFECTS OF TRANSVERSE BRACING 
ON BEHAVIOR OF TEST STRUCTURE 

B.I Introduction 

The effect of adding members for the lateral bracing of the test structure was investigated. The 

following three pages of hand calculations show the negligible contribution of the braces to the 

stiffness of the test structure in the direction of shaking. Following that is a description of simple 

tests perfonned to approximate the mechanical properties of the polyurethane material used at 

the connection points of the bracing to the specimen mass and the base plate. 

Finally, two separate free vibration tests were perfonned (one without any cross bracing, and one 

with the metal bracing attached) to investigate the impact of the bracing on behavior. This was 

done using an extra specimen described in this section. 
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Check of Steel Strips for use as Lateral Support of Frame 

tz 0.006" 

i 

Length Across Frame 

• 

L 

Specimen Indices h (in) 
3,5 3.61 

1,2,4,10 5.41 

15 7.22 

9 8.12 

8 10.81 

14 10.83 

7 13.51 

13 14.43 

6 16.24 

12 18.02 

11 21.65 

Neglect holes for conservatism 

Assume t := 0.02 'in for conservatism 

L (in) 

3 
width := - 'in 

4 

A := width·t 

1 3 
I xx := - 'width ·t 

12 

1 3 
I := - 'width ·t 
yy 12 

h 

3/8" 

1 1f2" 

-7 4 
I xx = 5.00'10 oin 

-4 4 
I yy = 7.03'10 oin 

-....S"- Shortest, & Therefore 
13.658 

Stiffest Braces 
14.460 

15.436 
:. Check if additional 
buckling strength is 

15.976 added to structure 

17.764 

17.778 Gauge Length, L, varies with 

19.766 specimen Height, h, according to: 

20.484 

L(h) := J(h + 1.75·in)2 + (12.5625·in)2 21.942 

23.424 

26.559 
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2 
A = 0.015 0 in 

h := 3.61·in 

For Fixed Ends: 

-7 4 
I xx = 5.00,10 oin 

L( h) = 13.65Boin 

-3 
r x = 5.7735'10 oin 

k := 0.5 

k'L(h) 
--=11B2.B 

rx 

Assume: E := 29000 'ksi & F := 36 'ksi y 

AISC-LRFD Compressive Strength: 

Ac>1.5=1 

A.
c 

:= k-L(h) J Y 

r'n E x 

F .cr .-
0.B77 

A 2 
c 

'F y 

P n.band := A'F cr 

-4 4 
I yy = 7.03,10 oin 

r y = 0.2165 0 in 

A c = 13.266 

F cr = 0.179 0 ksi 

P n.band = 2.691 olbf 

Nominal Compressive 

Strength of Specimen 3 & 5: 
P := 0.3761·kip n.spec (Table A-5 Strength & 

Stability Calcs) 
P = 1673 0 N n.spec 

P n.band 
--- = 0.716 0 % 

P n.spec 

(Note: Both sets of compressive strength calcs (braces & specimen) are for single 

member, --> same ratio for entire structure (4 of each)) 
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Lateral Stiffness of Brace 

Assume fixed top & bottom, double curvature configuration: 

T
v ~~ 

( ~ ... 
I 
I 
I 
I 

L I 
I 
I 
I 

V=K·~ 

12·E ·1 xx 
K .=---

brace· 3 
L(h) 

-5 kip 
K brace = 6.829·10 0_ 

in 

kip 
K col := 0.1505·

in 

K brace 
--- = 0.045 0/0 

With extremely low axial compressive strength and lateral stiffness, steel 

strip appears to be good option for use as cross-bracing element. 
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B.2 Polyurethane Mechanical Properties 

Prior to machining into the ends for the cross bracing the polyurethane material was tested to 

calculate a value for an approximate modulus of elasticity. Mechanical properties of the 

polyurethane material were investigated using a simply supported single point beam load as 

illustrated below: 

Width, w=2.724" p 

Thickness, t=0.5665" 

1-01 ~E---- 6" ---~I 

The beam was loaded incrementally with weights that were nominally 2 and 5 Newton and listed 

in the table below: 

2N Weights 5N Weights 

mass Weight mass Weight 

(g) (N) (g) (N) 

203.8 1.999 507.0 4.972 

203.1 1.992 502.6 4.929 

204.3 2.004 508.7 4.989 

203.3 1.994 504.9 4.952 

205.1 2.011 

204.2 2.003 

205.1 2.011 

205.5 2.015 

wave = 2.004 Wave = 4.960 

Deflections at the centerline of the beam were measured with a dial gauge. For a simply 

supported beam loaded by a concentrated point load at mid-span, the deflection at the centerline 

is given by: L1 = P .,3 ,which can be solved for the elastic modulus, E, since all other 
48·E·/ 

quantities are either known, or measured over the course of the test. 
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Five trials were perfonned with various increments of weights. Results for all trials are 

presented below, where the average value is the average of E calculated for each loading step for 

each trial, and the "trendline" is the E calculated by taking the linear best-fit generated by Excel, 

d d· ·d· . b 48· I d··d 1 . 1 I d h b an IVI mg It y -3-. In IVI ua tna resu ts are presente on t e su sequent pages. 
I 

Modulus of Elasticity Calculation Summary 
Trial Average 

(ksi) 

1 5.703 
2 5.933 
3 5.646 
4 5.840 
5 5.520 

Average of all 5.728 
trials: 39.494 
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Trendline 
(ksi) 

5.416 
5.575 
5.550 
5.652 
5.415 
5.522 kSl 

38.071 MPa 



L= 6 III 

t = 0.5665 in 
W= 2.724 III 

1= 0.04127 in4 

5N Average Value of Weights: 2N 
=======1 

~ (in) P (N) 

0 0 
0.016 4.0071 
0.034 8.0143 
0.055 12.0214 
0.071 16.0286 

2.00357 4.96038 

P (Ibf) E (ksi) 

0 0 
0.9009 6.1396 
1.8018 5.7784 
2.7027 5.3582 
3.6035 5.5342 

Eave = 5.7026 ksi 

Slope = 49.671 Ibf/in 
E = 5.4161 ksi 

Load - Displacement - Trial 1 

c 
..c 

8 

7 

6 

~5 
-= ~ 4 
...:l 
-:::: 
~ 3 
Q. 
Q. 

~ 2 

1 

o 

- y = 49.671x + 0.0533 

• V 
IA'" 

/' 

" /' 
/' 

V 

o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 

Displacement, D (in) 
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L= 6 III Average Value ofWeights:==2=N===5=N==I 
t = 0.5665 III 

W= 2.724 III 

1= 0.04127 in4 L1 (in) 

0 
0.015 
0.057 
0.075 
0.121 
0.139 

P(N) 

0 
4.0071 
13.9279 
17.9350 
27.8558 
3I.8629 

2.0036 4.9604 

P (Ibi) E (ksi) 

0 0 
0.9009 6.5489 
3.1313 5.9901 
4.0322 5.8622 
6.2625 5.6436 
7.1634 5.6194 

Eave = 5.9328 ksi 

Slope = 5I.1320 Ibf/in 
E= 5.5754 ksi 

Load - Displacement - Trial 2 

8 

.A 
./ 
, 7 

~Y = 51.132x + 0.1133\ ~ ~ 

.L ~ 
6 

-" ~ 
~ 
, 

~ " )~ .. V 

~" 
~fII' 

V 2 

:,/' 
~ 

1 

o ,/' 

o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 

Displacement, D (in) 
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L= 6 In 5N 

t = 0.5665 in 

w = 2.724 in 

Average Value of Weights: 2N 
===2=.0=03=6==4=.9==6=:=04==1 

1= 0.04127 in
4 

~ (in) P (N) 

0 0 
0.0415 9.9208 

0.0865 19.8415 

0.105 23.8487 

0.122 27.8558 
0.14 31.8629 

P (lbf) E (ksi) 

0 0 
2.2304 5.8603 
4.4608 5.6232 

5.3617 5.5680 

6.2625 5.5973 
7.1634 5.5793 

Eave = 5.6456 ksi 

Slope = 50.9010 Ibf/in 

E= 5.5503 ksi 

Load - Displacement - Trial 3 

1 1 ~ ~ 6 +---+---+-+----+-1 Y = 50.901 x + 0.04711f-t-------+-V-/'t-+----+---+---I 

~5 V~ 
-0 
!4 V ~ +---+-~-+---+---~+---+-,,~r--+---+-~~+--+--~+_~ 

~ 3 +-~~--+-~--+_7~~--~~-+--~~-+--~~_+~ 
c. ~ 
~ ~ 

2 +----+--+-~~~-~+-~--+-~+-~--+-r-+---+-~ 

oV 
o 

/' 

0.02 0.04 0.06 0.08 O.l 0.12 0.14 0.16 

Displacement, D (in) 
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L= 6 In 

t = 0.5665 In 

w= 2.724 In 

1= 0.04127 in
4 

8 

7 

6 

2 

V 
V 1 

o / 

Average Value ofWeights:==2=N===5=N==1 

~ (in) peN) 

0 0 
0.0405 9.9208 
0.058 13.9279 
0.075 17.9350 
0.093 21.9422 
0.138 31.8629 

2.0036 4.9604 

P (lbf) E (ksi) 

0 0 
2.2304 6.0050 
3.1313 5.8868 
4.0322 5.8622 
4.9330 5.7839 
7.1634 5.6602 

Eave = 5.8396 ksi 

Slope = 51.8340 Ibf/in 
E= 5.6520 ksi 

Load - Displacement - Trial 4 

A 
./f" 

Y = 51.834x + 0.08721 
/~ 

~ 
, 

~ 
,,-

~ 
~ 

J 
,,-

~ 

, 
~ ~ 

),;" 
~ 

V 

o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 

Displacement, D (in) 
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III 5N L= 6 Average Value of Weights: 2N 
========1 

t = 0.5665 III 

w = 2.724 in 

1= 0.04127 in4 ~ (in) 

0 
0.043 
0.061 
0.107 
0.126 
0.143 

P (N) 

0 
9.9208 
13.9279 
23.8487 
27.8558 
31.8629 

2.0036 4.9604 

P (Ibf) E (ksi) 

0 0 
2.2304 5.6559 
3.1313 5.5973 
5.3617 5.4639 
6.2625 5.4196 
7.1634 5.4623 

Eave= 5.5198 ksi 

Slope = 49.6600 Ibf/in 
E= 5.4149 ksi 

Load - Displacement - Trial 5 

8 

~ 

lL 7 

y = 49.66x + 0.0521 ~ 
V 6 

V 
V 

V 
V 

V 
/' , 

V 2 

/' 
/" 1 

o V 

o 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 

Displacement, D (in) 
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B.3 Specimen 9* Free Vibration Tests 

An extra set of columns nominally identical to Specimen 9 was used to assess the effect of 

transverse bracing on the specimen. Fewer mass plates were used (compared to Specimen 9) in 

order to avoid collapse at this stage. The column dimensions, measured and calculated, as well 

as column orientations, are given in Tables B-1, B-2, and B-3, respectively. These tables follow 

the same format as those presented in Chap 3. 

Table B-4, as well as Figures B-1 and B-2 summarize the results of the two free vibration tests 

performed, in the same manner as Chap 4. Inherent damping of the specimen appears to be little 

affected by the addition of bracing in the transverse direction. 

TABLE B-1 Measured Specimen Dimensions (mm) 

Orientation 

Specimen 9* 

U-DI 4.98 4.95 5.04 50.8 50.8 207.2 205.6 -2.13 1.66 
L-RI 4.86 4.86 4.89 50.8 50.8 206.5 206.4 -0.93 0.00 
U-D2 4.9 4.9 4.9 50.8 50.8 206.4 205.8 1.6 5.0 
L-R2 4.8 4.9 4.8 50.8 50.8 205.5 206.9 -0.3 -3.2 
U-D3 5.0 4.9 5.0 50.8 50.8 207.0 206.1 -2.1 -2.1 

L-R3 4.9 4.8 4.9 50.8 50.8 206.9 206.3 -2.0 -1.8 
U-D4 4.9 4.9 4.9 50.8 50.8 206.0 205.4 0.0 2.0 
L-~ 5.0 5.0 4.9 50.8 50.8 205.5 205.9 2.0 0.0 

TABLE B-2 Calculated Specimen Dimensions 

Orientation 

Specimen 9* 
U-DI 4.99 206.4 1.730 -0.23 -4.287 
L-RI 4.87 206.4 0.143 -0.46 -1.046 
U-D2 4.9 206.1 0.645 3.29 -3.870 
L-R2 4.8 206.2 -1.576 -1.73 3.253 
U-D3 4.9 206.6 1.117 -2.11 0.057 
L-R3 4.9 206.6 0.731 -1.92 -0.258 
U-D4 4.9 205.7 0.573 0.98 -2.221 
L-~ 5.0 205.7 -0.530 0.98 2.221 
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TABLE B-3 Column Locations and Orientations 

Column Index I Location 

2 
3 
4 

EJ~t~ 
EJ~~ 

Specimen 9* 

I 

NW 
NE 
SW 
SE 
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Orientation 

1 
4 
2 
3 



TABLE B-4 Free Vibration Damping Estimates 

~ I Uki I kj+j I Uki+j I ~j (%) I Remarks 

mass = 18.315 kg/col, no cross bracing 

HorWest Channel, lio = 3.023 mm 

1 1 2.997 14 1.702 0.69 --
2 14 1.702 28 0.686 1.03 --
3 28 0.686 42 0.076 2.50 --

AccEast Channel, lio = 0.053 g 

1 1 0.191 14 0.116 0.61 --
2 14 0.116 28 0.061 0.73 --
3 28 0.061 42 0.006 2.64 --

AccWest Channel, lio = 0.050 g 

1 1 0.125 14 0.118 0.07 --
2 14 0.118 28 0.045 1.10 --
3 28 0.045 42 0.005 2.50 --

mass = 18.315 kg/col, with metal strip cross bracing 

HorEast Channel, lio = 0.508 mm 

1 2 2.464 13 1.55 0.67 --
2 13 1.549 27 0.58 1.11 --
3 27 0.584 35 0.20 2.10 --

HorWest Channel, lio = 0.483 mm 

1 2 2.337 13 1.58 0.57 --
2 13 1.575 27 0.53 1.23 --
3 27 0.533 35 0.08 3.87 --

AccEast Channel, lio = 0.015 g 

1 2 0.169 13 0.106 0.68 --
2 13 0.106 27 0.041 1.08 --
3 27 0.041 35 0.013 2.29 --

AccWest Channel, lio = 0.014 g 

1 2 0.162 13 0.105 0.63 --
2 13 0.105 27 0.042 1.04 --
3 27 0.042 35 0.011 2.67 --
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FIGURE B-1 Free Vibration Test of Specimen 9* - no Bracing 
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FIGURE B-1 (cont'd) Free Vibration Test of Specimen 9* - no Bracing 
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FIGURE B-2 (cont'd) Free Vibration Test of Specimen 9* - with Bracing 
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APPENDIXC 
ANALYSIS OF RESULTS 

Additional and more detailed results in support of the observations made in section 5.3 are 

presented in this appendix. In search of trends in the test data, data for all specimens are 

considered and grouped as a function of the stability factor for four ranges of that parameter, 

namely: 8::;0.1, 0.1 <8::;0.3, 0.3<8::;0.5, and 8>0.5. 

Various peak response parameters for the specimens are considered for this purpose. The plastic 

base shear, V yo, yield displacement, L1y, and ductility at the static stability limit, Jls, each defined 

in section 2, are tabulated in table C-I for specimens that did not collapse during the first trial of 

the testing schedule. The residual displacement at which plastic collapse mechanism is formed, 

is also tabulated and given by: 

2·M/J/ 
L1coll = /'W (C.I) 

Each of these parameters is calculated with average specimen dimensions using the relationships 

presented in section 2. Material properties (elastic modulus and yield stress) are utilized as 

described in the section on tension testing from section 4. These critical values are used to 

normalize the recorded values of force and displacement as described below. The data used for 

the plot presented in this section is contained in table C-2. 

First, the maximum estimated base shear (ignoring P-L1 effects) from each test, Vo *, was 

nonnalized by the plastic base shear, Vyo, and plotted separately versus various normalized 

displacements: Jl, uri L1colb JlIJls, uri Urel-max, and urel-max/h. Figures C-I to C-5 show the results of 

that ratio, Vo*/Vyo, versus: Jl, Ur/L1colb Jl/Jls, urlurel-max, and percent drift, respectively. The 

following general observations can be made regarding pattern of behavior: In figure C-I, the test 

data generally increase linearly towards Vo * IV yo= 1 and Jl = I, followed by a decrease in slope as 

the specimen moves further into the inelastic range of behavior. Displacement ductility 

developed prior to collapse seems to decrease as 8 increases. In figure C-2, all but two 

specimens (1 and 9) are observed to have a residual displacement ofless than 50% of L1coll prior 
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to the final test that resulted in collapse. Figure C-3 shows that all but Specimen 1 have a 

maximum displacement ductility less than 75% of Jls prior to the final test that resulted in 

collapse. No distinct pattern of behavior can be seen in figure C-4. Figure C-5 indicates that 

Specimen I is the only one with a maximum drift greater than 20% of its height prior to the final 

test. 

Second, the same dimensionless displacement parameters were plotted against the elastic 

response spectral acceleration of the measured table acceleration, Sa, normalized by the spectral 

acceleration at plastic base shear, Vyo/W. These results are shown in figures C-6 to C-lO. 

Similar to figure C-I, previously described, the data tends to a common trend and increases 

towards coordinate (1,1) of the plot before the slope gently decreases in the inelastic range. 

Since Sa is the elastic response to the ground motion and it is being normalized by the plastic 

spectral acceleration, this ratio should increase as the earthquake intensity progressively 

increases in the inelastic range. In fact, this ratio reflects the ability of the structure to dissipate 

energy, and should be conceptually related to the response modification factor. This factor 

should be at least equal to 4 for ordinary moment frames in actual buildings. Here, only 

Specimens 1 and 6 develop this amount of ductility, by reaching Sa/(Vyo/W) values of 3.6 and 

5.33, respectively. Note that where JlIJls was plotted versus Vo */Vyo (figure C-I), the grouping of 

data points suggested a comparable behavior amongst the specimens, but when the same Jl/Jls 

ratio is plotted versus SaI(Vyo/W) (figure C-5), no discernible pattern of behavior is observed. 

Third, figures C-II to C-15 provide a comparison of the maximum measured total acceleration 

of the specimen mass, ih-max, normalized by the spectral acceleration at plastic base shear, 

Vyo/W, versus Jl, Uri L\colI, JlIJls, Ur!Urel-max, and percent drift, respectively. In figure C-II, the test 

data generally increases linearly towards coordinate (1,0.75) of the graph followed by a decrease 

in slope as the specimens move further into the inelastic range of behavior. This emphasizes the 

trend displayed in figures C-I and C-6. Figure C-15 shows eight of the twelve specimens 

behaving in a similar manner, with linear behavior until approximately ih-max/(Vyo/W) of 0.85 

and a drift of 5.0%. 
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TABLE C-l Shake Table Tests-Critical Parameters 

Specimen Vyo d y d coll 
J.1s 

(N) (mm) (mm) 
1 172.5 4.3 65.9 15.4 
2 186.2 4.5 36.1 8.1 
4 173.2 4.4 25.3 5.7 

5b l 132.4 5.6 12.9 2.3 

6 367.3 16.3 160.8 9.9 
7 255.0 14.4 93.1 6.5 
8 168.7 13.1 49.2 3.8 
9 115.4 9.8 25.2 2.6 
10 33.1 4.4 9.5 2.2 

lObI 85.9 12.5 24.8 2.0 

11 295.8 31.7 229.5 7.2 
12 145.9 20.2 94.3 4.7 
13 128.6 23.8 66.4 2.8 
14 84.8 17.5 33.0 1.9 
15 23.7 7.6 12.1 1.6 
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TABLE C-2 Shake Table Tests-Normalized Peak Responses 

Vo* Sa fiT Ur /l Ur Drift 
Test Cs* -- /l -- --

Vyo (VyolW) (VyolW) Llcoll /ls Urelmax (%) 
Specimen 1 

1 0.378 0.787 0.702 0.691 0.872 0.000 0.057 0.000 0.027 
2 0.432 0.899 1.017 0.806 1.126 0.003 0.073 0.037 0.035 
3 0.432 0.899 1.017 0.874 1.364 0.006 0.089 0.065 0.043 
4 0.432 0.899 1.328 0.893 1.399 0.003 0.091 0.034 0.044 
5 0.270 0.562 0.392 0.481 0.581 0.001 0.038 0.031 0.018 
6 0.443 0.922 1.516 0.897 1.387 0.004 0.090 0.043 0.043 
7 0.583 1.214 2.296 1.031 2.454 0.025 0.160 0.157 0.077 
8 0.659 1.372 2.784 1.097 3.142 0.012 0.204 0.060 0.098 
9 0.637 1.326 3.183 1.135 3.741 0.047 0.243 0.195 0.117 
10 0.778 1.620 3.589 1.264 20.346 1.307 1.323 0.988 0.635 
11 0.897 1.868 3.341 -- ex: ex:, cc - -

Specimen 2 
1 0.133 0.506 0.640 0.521 0.724 0.014 0.089 0.157 0.023 
2 0.168 0.639 0.866 0.643 0.918 0.026 0.113 0.230 0.030 
3 0.185 0.704 1.153 0.708 1.043 0.025 0.129 0.197 0.034 
4 0.214 0.814 1.444 0.772 1.117 0.025 0.138 0.184 0.036 
5 0.220 0.837 1.719 0.825 1.169 0.019 0.144 0.132 0.038 
6 0.231 0.879 1.876 0.863 1.294 0.020 0.160 0.123 0.042 
7 0.237 0.902 2.092 0.886 1.477 0.028 0.182 0.154 0.048 
8 0.266 1.012 2.503 0.936 1.670 0.075 0.206 0.365 0.054 
9 0.312 1.187 2.588 0.962 2.673 0.224 0.330 0.680 0.087 
10 0.497 1.891 2.567 -- ex: cc cc -- -

Specimen 4 
1 0.037 0.201 0.350 0.190 0.270 0.005 0.047 0.106 0.009 
2 0.099 0.538 0.848 0.527 0.688 0.010 0.120 0.083 0.022 
3 0.144 0.783 1.212 0.734 1.193 0.025 0.209 0.120 0.038 
4 0.169 0.919 1.678 0.859 1.675 0.059 0.293 0.202 0.054 
5 0.177 0.962 2.162 0.941 2.392 0.211 0.419 0.504 0.077 
6 0.510 2.773 2.575 -- ex: cc cc 

Specimen 5b 
1 0.061 0.434 0.197 0.121 0.656 0.154 0.286 0.538 0.040 
2 2.703 19.228 0.479 -- ex: cc \_',-/ -- -
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TABLE C-2 (cont'd) Shake Table Tests-Displacement Comparison 

V* Sa fiT Ur /..l Ur 
Drift 

Test C* 0 -- /..l -- --s 
Vyo (Vyo/W) (Vyo/W) ~oll (%) /..ls urelmax 

Specimen 6 
1 0.440 1.128 0.782 0.813 0.986 0.001 0.100 0.008 0.039 
2 0.482 1.236 1.096 0.923 1.390 0.015 0.141 0.104 0.055 
3 0.492 1.261 1.468 0.928 1.624 0.029 0.164 0.174 0.064 
4 0.492 1.261 1.447 0.918 1.546 0.024 0.157 0.153 0.061 
5 0.293 0.751 0.621 0.577 1.666 0.007 0.169 0.041 0.066 
6 0.471 1.208 2.179 0.900 1.589 0.008 0.161 0.048 0.063 
7 0.503 1.290 3.267 0.936 1.746 0.001 0.177 0.004 0.069 
8 0.524 1.343 3.939 0.913 2.214 0.028 0.224 0.124 0.087 
9 0.503 1.290 4.569 0.920 2.785 0.088 0.282 0.312 0.110 
10 0.503 1.290 5.328 0.977 4.516 0.372 0.457 0.813 0.178 

11 11.329 29.046 4.658 -- cc -

Specimen 7 
1 0.140 0.517 0.498 0.543 0.599 0.002 0.093 0.027 0.025 
2 0.189 0.698 0.775 0.728 0.850 0.002 0.132 0.019 0.036 
3 0.245 0.905 1.029 0.820 1.125 0.031 0.174 0.176 0.047 
4 0.245 0.905 1.293 0.768 1.740 0.144 0.269 0.534 0.073 

5 0.400 1.477 1.556 -- ' ' 
, ' c,~ - -

Specimen 8 
1 0.079 0.441 0.408 0.402 0.989 0.002 0.263 0.006 0.047 
2 0.120 0.670 0.845 0.586 1.588 0.040 0.423 0.094 0.076 
3 0.199 1.111 1.160 0.614 2.295 0.405 0.612 0.662 0.110 

4 0.365 2.037 1.529 -- C<:; ,_. -

Specimen 9 
1 0.092 1.326 0.812 0.692 0.773 0.032 0.301 0.107 0.037 
2 0.122 1.758 0.981 0.792 1.023 0.096 0.399 0.240 0.049 
3 0.147 2.118 1.172 0.836 1.788 0.531 0.697 0.762 0.085 

4 0.415 5.980 1.336 -- - -
Specimen 10 

1 I 0.206 I 2.968 I 0.574 I I cc I cc c,~ 
Specimen 10b 

1 0.039 0.216 0.112 0.122 0.289 0.045 0.146 0.310 0.026 
2 0.077 0.427 0.184 0.216 0.551 0.085 0.278 0.306 0.050 
3 0.110 0.610 0.247 0.283 0.716 0.115 0.361 0.318 0.065 
4 0.153 0.848 0.321 0.288 0.988 0.275 0.498 0.551 0.090 
5 0.149 0.826 0.372 0.266 1.008 0.326 0.508 0.641 0.092 

6 0.173 0.959 0.439 -- 08 - -
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TABLE C-2 (cont'd) Shake Table Tests-Displacement Comparison 

V* Sa fiT Dr J..l Dr Drift 
Test C* 0 -- J..l -- --s 

Vyo (Vyo/W) (VyolW) ~coll J..ls Drelmax (%) 

Specimen 11 
1 0.260 0.623 0.638 0.649 0.750 0.003 0.103 0.031 0.043 
2 0.291 0.697 0.849 0.776 1.016 0.014 0.140 0.096 0.059 
3 0.291 0.697 1.208 0.843 1.443 0.056 0.199 0.280 0.083 
4 0.312 0.747 1.602 0.828 1.833 0.106 0.253 0.419 0.106 
5 0.312 0.747 1.611 0.757 2.011 0.156 0.278 0.561 0.116 
6 0.322 0.771 1.608 0.726 2.602 0.276 0.359 0.768 0.150 
7 0.749 1.793 1.608 -- c",; cc 0:::; - -

Specimen 12 
1 0.279 1.355 1.163 0.889 1.300 0.050 0.279 0.180 0.057 
2 0.300 1.457 1.698 0.894 1.706 0.150 0.366 0.410 0.075 
3 0.845 4.104 2.466 -- CC 0:) 0:::; - -

Specimen 13 
1 0.162 0.893 0.737 0.551 1.062 0.011 0.381 0.030 0.069 
2 0.174 0.959 1.047 0.545 1.174 0.039 0.421 0.094 0.076 
3 0.186 1.025 1.330 0.568 1.349 0.015 0.484 0.031 0.088 
4 0.224 1.234 1.650 0.562 1.924 0.426 0.690 0.617 0.125 
5 0.327 1.802 1.937 -- 0; (::>-) CC - -

Specimen 14 
1 0.086 0.718 0.326 0.250 0.728 0.044 0.388 0.113 0.046 
2 0.105 0.877 0.382 0.276 0.892 0.081 0.475 0.170 0.057 
3 0.110 0.918 0.456 0.284 0.967 0.120 0.515 0.234 0.062 
4 0.121 1.010 0.510 0.292 1.164 0.311 0.620 0.501 0.074 
5 0.239 1.996 0.576 -- ex; ex: cc - -

Specimen 15 
1 10.16912.5611 0.711 1 ex; 

C - 6 



1.8 _., - -, - -, - - ,. - .,. - -, - -, - - ,. - ,. - -, - -, - -, - - ,- - ~ - ., - -, - - ,. - ~ - -, - -, - -, - - ,- - .., - ., - -, 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I" , , 

1.6 _.' - -' - - 1_ - '. - .'. _ .' - - I __ '. _ '0 _ .' _ .' __ 1 __ '. _ ~ _ .' __ I __ '. _ ~ 

1.4 
, , , , 

. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
" " I 

_ .' _ _, _ _' _ _ '. _ .' _ _ I _ _' _ _ '. _ 2 _ _, _ _, _ _ '. _ ~ _ .' _ _ I _ _ I _ _ '. _ ..! _ .' _ _ I 

1.2 
, , , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -, , , , ., 

1.0 ~~ 
;: ., - - ,- - ,. - .. - ., - -,- - ,- - ,- - -, - -, - - ,. - ,. - " - ., - -,- - ,- - ,. - ., - ., - - ,- - ,. - -, - -, - ., ., 

0.8 > " '" I , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0.6 - -, - ., - - ,. ,. - ., - ., - -,- - ,- - .. - ., - ., - - ,. - ,. - - - -, - -

-: - -: - -1~Specimenll 
0.4 _., - -.. -,- - .. - ~ - _t - -1- _ ,. - .. - ... - •••• ,. _ ,. _ ~ _ -, -., • ,- _ ~ _ ... _ .,_ -,- _ ,- _ ~ _ -, --, 

- -, - -, - - ,- - " - -, - -, - - - - - - " - -, - -, - - ,- - ~ - -, - -, - -, - - ,- - . 

0.2 , , , , , , , , , , , , , , , , , , , , , , , - - - - - - - - - - .. - - - - - - - - - - - - - - - - - - - . - - - - - - . - . - - - - - - - - - - . 

O.O+-----------~----------_,----------~----------~----------_, 

o 5 10 15 20 25 

Displacement Ductility, J.l 

(b) Vo*/Vyo vs J.l (0.1<8::;;0.3) 

1.6 - - ,- - -, - - ., - - ~ - - r- - - ,- - -, - - -, - - ~ - - .- - - ,- - -, - - -, - - ~ - - ,- - - ,- - -, - - -, - ~ ,. - - , 

1.4 ::::::::::,::7:::::'::::::::::::::::::::::::::::::::,--. 
1.2 

- ,- - -, - - -, ~ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -, , , , , , , , , , , 

1.0 .. - - ,- - - - - -, - - -, - - .,' 

<:> .. ~ - - - - - - - - - - - - .. , , , , , , i' ;: 0.8 - - - - - - - - - . 

.... oI-l-~~ 
- - - - - - - - - - - - - ~ - -, " , 

<:> 
;, 

0.6 

0.4 

0.2 

_Specimen 2 

-*-Specimen 4 

_Specimen 6 

Specimen 7 

Specimen 8 

-+- Specimen 11 

_Specimen 12 
O. 0 L--'-------'------'--.;----'--------'--'--;-..--'-----'-------'--------;--'---'----'=='===;:===~====::c=~ 

o 2 3 4 5 

Displacement Ductility, J.l 

FIGURE C-1 Normalized Base Shear vs Displacement Ductility 

C -7 



2.5 -., - ., - - 1- - ,. - ~ - -, - -, - -, - - ,- - T - ., - -, - - ,- - ,.. - ~ - -, - -, - - ,- - ,... - ., - -, - -, - - ,- - r - -, 

, I , , It' " " t, ", I , , , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
" '" " I 

, , , , I , " "", I "" , - - - - - - - - - - - - - - - - - - - - - .. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
2.0 

, • I , , I I I , , I , , I I , , I , , , , I , , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

Q 1.5 
>. 

~ 
oj: 

Q 

> 

, , , , , , , I I , , , , , I , , , , I 1 , , - - - - - - - - - - - - - - - - .. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- ., - ., - .,. - ,. - , - -, - -, - - ,- - ,- - .. - -, - .,. - ,- - ,- - , - ., - -,- - ,. - - - ., - ., - .,. - ,- - ;- - ., 

1.0 - ., - -, - .,. - ,- - ;- - ., - ., - - ,- - ,. -
- .' - .' - .'. - '. - !. - .' - .' - - '. - '. -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .............. -
, , , , , " """""""" 

0.5 .......... - - .......... - - - - - .. - - - . , , , , , , , , , , , , , , , 

• Specimen 5b 
-&- Specimen 9 

Specimen lOb 
0.0 +-~~~~~~~~----;-~~~~;:=:=====::::::::=~===~====:::;-

0.0 0.5 1.0 1.5 2.0 2.5 

Displacement Ductility, Jl 

(d) Vo*/Vyo vs Jl (e~O.5) 
1.2 . r • r - r- - r - ,- - ,. - ,- - ,- - ,. - ,- • ,. - ,- - ,- - ,- - ,- - ,- - ,. - ,- - ,- - ,- - ,- -, •• , - -, - -, - .,. -, - ., 

· - . ~ - - - - - . - '. - '- - '. - '. . - - - - '- - - - . - '- - - -' - - . -' - -'. .' - -' - - . -' - - - .' - - . -

- - - - - .. - . - - - - - - - - - - ... - - - - - - . - . - - - - .. - . - - - - .. - - . - ..... . 
, " "" " 

1.0 , , , , , , , , , , , , " "" - ............ - - - - .............. - .......... - -
, , , , 

· .- . ,. - .- . .- . , .. , .. , .. ,. - ,- - ,- - , .. , .. , .. , .. ,- - ,. - , .. , .. , ... 

, ," , , · - ......... - - - - - ....... - - . - - - . - .. 
, , ", , , 

0.8 . ,- . r • , •• , •• , •• , •• , •• , •• I· • , •• , •• , •• ,- • ,- • ,.. • , •• , •• ,- - ,. - , •• , •• , •• , •• ,. -, - ., •• , 

- '- - .. ' .. ' .. - - '. - - - ' ........ ' .. ' .. ' .. ' ... ' .. - - - .'. - ' ...... ' .. - .' ... . 
, ", "" , , · . - ....... - .. - - . - . - ... - ............ - - . - . - ......... - ... . , , , , , , , , , , , , , , , , , , , , , , , , , , , , 

, , , , , , , , , , , , , , , , , , , , , , , , , , , , · ..................... - - - - ........ - - - - - ........ - - - - ... . 

- ,. - .- . , .. .- . , .. ,- - , .. ,- . , .. , .. , .. ,- - ,- - ,. - , .. , .. , .. , .. , .. , .. , .. , .. , .. , .. , .. , .. , .. , 

, , " , """ , - .. - ....... - - . - - - - ........ - - - ...... - - - - ........ - . - - - .. . 
" , , , ", , " , 

0.4 - ,. - r • .- - .- - ,- • , •• ,. - ,- • , •• , •• ,- • ,- - ,. - , •• , •• , •• ,. - , •• , •• , •• , •• , •• ,- -,- ., •• , •• ,. -, 

• '- ••• '. - '- - '. - - ••••••• '. - - - • - '- - '- - - - '- - • - ' •• - - '- - - - - _'v .'_ .'_ - - - - -

, "" , ",' , , 
- . - - - - - - . - . - - - - - - - - - . - - - - - - - - - . - - - . - - - - - - - - - . - ... - - - - - -

, "" '" ," ",' 

0.2 r , , , , , , , , , , , , , , , , , , , , , , , , , , , · .. - - - - - - - . - - ... - - - - - - . - ... - - - - - - - - - .. - . - - . - - . - - . - - . - - -

: : : ,: : ,: : ,: : ,: .. : : : ,: : ,: : ,: : ,: ::: ::: ::: I--'-Specimen 14/: 
, " "" " , · - - - . - . - - - - - - - - . - - . - - . - . - - . - - - - - - - - - - - . - - . - - - - - - - . - - - - -, , 

0.0 +--------,--------~------_.------~--------,_------_,------_, 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Displacement Ductility, Jl 

FIGURE C-l (cont'd) Normalized Base Shear vs Displacement Ductility 

C - 8 



(e) V 0 * IV yo vs. Jl - all specimens 

2.5 - -, - - , - - ,- - -, - -, - - ,- - ., - -, - - ,- - ~ - -, - - ,- - T - -, - - ,- - ~ - -, - -, - - ,... - -, - - I - - ,- - ., - - 1- - I 

, "" I I , , I , I , I I I , , , 

- - - - - - - - - - - - - - - - - - - - - - . - - - - - - .. - - - - - - - - - - - - - - - - - - - - - - - - - - -

, I I I , I I I I I , , I , , , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - ,. - -, - .,. - ,. - -, - -, - - ,. - - - - - - - - - - - - - - - - - - - - - - - - - - - -, I , I , I I , I , I 

2.0 - - - - - - I , , 1 I I , I - - - - - - - - - - - - - - - - - - - -

-,- - ,. - ., - .,. - ,- - -, - -, - - - ., - - ,- - - - - - - - - - - - - - - - - - - - - - -, , , , , I , , 

. - - - - - - . - - - - - - - - - - - - - - - - - - - -
I , I , , I , , , I I 

1.5 

- -'.1,.:: ~:::-~ ••••••••• 8 ••••••• :+--•••••••• ---7: ••••• ·.-----:7 ••.•••••••• :. : ••••• 
, , , , , , , , I , , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

I I I , , , I I I I , , I - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - -
,- - ., - -,- - ,. - -, - .,. - ,. - - - -, - .,. - ,. - ., - -,- - ,- - -, - .,- -

- - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - -, , , , , , , , , " '" 

0.5 
- - - - - - - - - - - - - - - - - . . - - - - - - - - - - - - - - - - - - - -

" "" " "'" 

"I" , " "'" /K -, - - ,- - : - -, - -, - - ,- - ., - -, - - ,- - " - - - - - - " ,,',"" 
. - - - - - - - - - - - - - - - - - - - - - - - - - - -

" """" 

0.0 +-----------~-------------,------------,------------,------------~ 

o 5 

~Specimen 1 
... Specimen 5b 

Specimen 8 
--+-- Specimen 11 
·"t· Specimen 14 

10 15 20 

Displacement Ductility, Jl 

_Specimen 2 
_Specimen 6 
-Specimen 9 
_ Specimen 12 

"""*- Specimen 4 
Specimen 7 
Specimen 1 Ob 

---Specimen 13 

FIGURE C-l (cont'd) Normalized Base Shear vs Displacement Ductility 

C - 9 

25 



Q ... 
;;, 
....... 
~ 

Q 

;;, 

Q ... 

1.8 
" " I I , , , , , , I , " " I 

. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I I, I I , " " , 

1.6 
- ,. - ,- - ,. - ,- - ,- - ,. - ,- - " -,- .,. ',' .,. - - - - " - -, - -, - -, - , - .. - T - ~ - i" - i" - ,- - I 

1.4 I , , I I I I I I I I I " , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1.2 
I , , " " I , " I", I , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
, I , , I I , I , " I I", I , I , t, I 

1.0 - ,- - ,- - ,. - ,- - ,- - ,. - ,. - ,- ., .. ,' ',' .,. " - -, - -, - -, - -, - ., - -, - " - .. - I - ; - .. - ,- - " - ,- - I 

, I , , t , , I , , I I I , I I I , , , , , I , t 1 , , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -. . 
0.8 

" I I '" ", I , , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .. - - - - - - - - - - -
, , , I , ,,' '" , I " '" , 

0.6 _ '. _ '. _ '. _ ,_ _ '. _ '. _, _ _ 1 _ _ I _ _, _ _ I _ _ I _ _ I _ _, _ _, _ _, _ _, _ _, _ _, _ -' _ 1 _ 1 _ ~ _ ,_ _ '_ _ '_ _ ,_ _ ' 

- ,- - ,- - ,- - ,- - ,- - ,- - ,- - ,- -,- -,- -,- -, - -, - -, - -, - -, - -, - -, - -, - ., - -; - , . ,. - ,- - ,- . .- - ,. -

0.4 , , , , , , , , , , , , , , , , , , , , , , , , , , , 
- - - - - . - . - - - .. - - - - . - - - - .. - - .. - - - - . - - .. - - - - - - . - - - - - - - . - -

, " , " ,,' '" , 

0.2 

0.0 +-------~--------~------~------~--------,_------~------_, 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

U/Acollapse 

(b) Vo */Vyo vs U/Acollapse (O.1<e~O.3) 

1.6 . - ,- - -, - - -, - . ., - - ,.. - - , .. -, - - ., - - ~ - . ,- . -, - - -, ... , - - r - - ,- - -, - • -, - - ..., - • ,.. - -

1.4 - - ,- - ., - .. , -

~~~I-----------""------ .... -.... " . -" ... 
1.2 

1.0 

;;, 
;-- 0.8 .'. _ . '. __ '- _ .' _ . -' . _ '. __ '. _ .'. - -' - - .: . - '. - -

Q 

;;, 
0.6 

0.4 

0.2 

"""""' ..... ---=-.. - - . .. _ .. - - - .. _Specimen 2 
_Specimen 6 
-(i=w Specimen 8 
_ Specimen 12 

......Specimen4 
Specimen 7 

-+-Specimen 11 

, " , , "" , - - - - - . - - . - - . - - .. - - .. - - - - - - - - - . - - - - .. - - - - - . - - - - - - - - - - - - -
, , "" " 

, " """"'" - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -, , , , " " , 
, " , , , , , 

. - - - - - - - - - - - - - - - - - - - - - - - .. - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -, , , , " " 

0.0+-----------,,-----------,-----------,------------,-----------, 

0.0 0.1 0.2 0.3 0.4 0.5 

FIGURE C-2 Normalized Base Shear vs Normalized Residual Displacement 

c - 10 



(c) V 0 * IV yo vs uri Acollapse (0.3<SS;O.5) 

2.5 - ,- -, - -, - -, - ., - r - ,- - 1- -, - -, - .., - r - ,- -, - -, - -, - .., - .- - ,. -, - -, - -, - ~ - .- - ,- -, - -, - -, - ~ - , 

_ ,_ _, _ _, _ _, _ .J _ ~ _ I. _ I _ _, _ _, _. ..I _ '- _ '. _ , _ _, _ _, _ ..I _ L.. _ ,_ _, _ _ I _ _, _ ~ _ '- _ ,_ _ t _ _ I _ _, _ ..I _ I 

, , , , I I , , , , , , I I , , , , , , I I I , , , I , I - - - - - - - - - - - - - - - - - - - - - - - .,. - - - - - - - - - - - - - - - - - .. - - - - - - - - - - . 
, , , ,'" I " - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - . 

, , , , , I , I , , , , I I , , , , I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

" 1.5 
" " , " " ", - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - -

, " I, , 

>. 

~ 
oj: 

" > 

" >. 

> --oj: 

" > 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . 
, '" " '" 

- ,- -:: ::: :: : : : : :: ::: ::: :: : : : : :: ::: :': :' - , -- -- ::: ::. : : : : : : :: ::: :: :: : : : : 
1.0 :S;: ::: :: : ~ :: :: :: ::: : : : : ~ :: :: ::: :: : ~ :: ::: ::: :: :: : ' : ': ::: ::: :: :: : 

- '. - ' •• ' - .' - .' - '. - ' •• ' •• ' - .' - ~ - .;, ..... " . .-.;::?~'''_ ,.: :' ~'_" I _ '. _ '. _ ' •• ' _ .' _ • _ '. _'~ ~ ___ ~' ~ 
, , 

0.5 

, , 
- - - - - - - -

• Specimen 5b 

-.-Specimen 9 

Specimen lOb 

-.-Specimen 13 
O.O+-~~~~~~~~~~~~~~~~~~~~~~======~~ 

, ., :.: :.: :' - ,. : : : :e:' , , , , , - : :.: :.: :.' , , ~ : : ::: ::: ',' - - , , 
, , , , - - - ~ ~ - ~ -

0.0 0.1 0.2 0.3 0.4 0.5 0.6 

(d) V 0 * IV yo vs u/ Acollapse (S~O.5) 

1.2 - c- ~ ,~ ~ ,~ ~ ,~ ~ ,~ ~ ,- ., - -, - -, ~ ~,- ~,~ -, ~ ~,~ -, ~ -, ~ ~,~ ~, ~ ~, ~ ~, ~ ~, ~ -, ~ ~, ~ ., ~ ., ~ , ~ T - , 

LO 

0.8 

0.6 

0.4 

, , , , , , , , , , , , , , , , , , , , , 
-~~~~~~~~~------~~-~~~~~------~-~~~~~~~~~-

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - -
, """" 

-'--::::::::::'::':.i..:::~':::~:'::~':-'-~-'--~'::':~:'::~'::':~::-~---~-:"':'
:,:::::::::~::::::::::,:::::::::::::::::::::::::::':':':':' 
::::::7:::,::::::--:'-:--:--:--:--:--:--,--:--,--:----,--'-.-~-~-,-: 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . -. . 

- - - - - - - - - - - - - - - - - - - - - - - - -, , , , -, - -, - -, - -, - -, - -, - -, - -, - -, - -, - -, -

, , , ,,' , 
- - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- ,- - ,- - ,- - ,- - ,- - ,- - ,. - ,- - ,- - ,- -,- -,- -, - ., - ., - -, - -, - -, - -, - -, - -, - -, - ., - -, - . 

, '" "" " - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . 
, "" 

, , '" " , - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - . 
, , , " "" 

0.2 - ,. - ,- - ,- - ,- - ,- - ,. - ,. - - - - - ,- - - -,- -,. -, - - - - - - - - - - - - ., - -, - -, -

0.0 +-~~~-r~~~--r-~~~~~~~-+~~--~r-~~~~~~~~ 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

U/Acollapse 

FIGURE C-2 (cont'd) Normalized Base Shear vs Normalized Residual Displacement 

c - 11 



(e) Vo */Vyo vs. U/Acollapse - all specimens 

2.5 

2.0 

1.5 
Q 
>. 

~ --~ Q 

~ 
1.0 

0.5 • 

0.0 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

U/Acollapse 

-+-Specimen 1 _Specimen 2 ~Specimen4 
... Specimen 5b _Specimen 6 Specimen 7 

-4)~#§~ Specimen 8 -Specimen 9 Specimen lOb 
-+- Specimen 11 _Specimen 12 ~Specimen 13 
~Specimen 14 

FIGURE C-2 (cont'd) Normalized Base Shear vs Normalized Residual Displacement 

c - 12 



Q 
~. 

> --oj: 
Q 

> 

1.8 - r - ,. - ,. - ,- - ,- - ,- -, - -. - -, - -, - -, - -, - -, - -, - ., - -, - ..., - ..., - .., - ~ - r - r - ;- - ,- - ,- - ,. - ,. -, 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .. - - - - - - - - - - - - - - -" , " ,,, , , 

1.6 
, , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -.- - - - - - -

1.4 

l.2 , , '" , , , 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
" '" '" I I I , I , , 

, , , , I , , , , , , I I I , , 1 , , I , , I I , , , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

0.6 - r - ,. - ,- - ,. - ,- - ,- - ,- -,- -,- -,- -, - -, - ., - -, - -, - -, - .., - .., - ..., - .,. - T" - r- - ,. - ,- - ,. - ,- - ,- - I 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - _ .. - - - - - - - - - - - - - - -, ," " ", , , 

0.4 , " '" ,', , " , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .. - - - - - - - - - - - - - - -

0.2 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -, ," I , I , , 

0.0 +-~~~-r~----~~--~--T-~----~--~~~--------'-------~ 

l.6 

1.4 

l.2 

l.0 

0.8 

0.6 

0.4 

0.2 

0.0 

0.0 0.2 0.4 0.6 0.8 l.0 1.2 1.4 

(b) Vo*Nyo vs J.l/J.ls (0.1<8::;;0.3) 

:::::::::::::: :: ::: ::::: :..;?:: ::: ::: ::: :::::::::::::::: :::::: 

0.0 0.1 0.2 0.3 

- - - - - - - - - - - - - - - - - - -, , , 

" " - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

, , 
- - - - - - - - - - -

0.4 

, ' 

0.5 

, , , , , , - - - - - - - - - - - - -

_Specimen 2 

~Specimen4 

_Specimen 6 

Specimen 7 

Specimen 8 

-l-- Specimen 11 

_Specimen 12 

0.6 0.7 

FIGURE C-3 Normalized Base Shear vs Normalized Ductility 

C - 13 



=> ... 
> ---oj: 

=> 
> 

2.5 - ," ., - ~ - ,- -, - -, - r - ,- -, - , - ,- -, - -, - r - ,- -, - .., - .... - 1- -, - T - ,- -, - -, - .- -, - -, - ~ - ,- -, - -, - , 

2.0 

1.5 

1.0 

0.5 

, , I , I , , , , , , , , , , , " - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- ' •• ' - .: - ' •• ' •• ' - '. - '- .' - .! - ' •• ' •• ' - '. - '. 

, " '" I , , , , , , , I , I , , , , ' I , I 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

_ ,_ .' _ .' _ '. _: __ : _ ~ _: __ : _ ~ _ '. _, _ .' _ '. _, _ ,_ .' _ '. _ ;,,:,/p[:<,":_. ~ _ : __ : __ : _ : __ : _ .' _ l _ '. _, _ .' _ 

-:- -: - ~ -- -: - -: - : -:: :: ~ : :: ::: :: : : -:,,:~;//"~<: - -: - : -- ::: :: : ~ : - - - : -:- -: - ~ -: 
, , , 

-'- -, - ~ -'- -' - -' -, -' --' --:,<,~" : 
, , 

. - - - - -

• Specimen 5b 

...... Specimen9 

Specimen lOb 

-.-Specimen 13 
0.0 +-~~~r-~~~~~~-+~~~-r~~~~~~~+-~~==P=====~~ 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

1.2 

- - - '- - '. - '. - - - - - '. - '. - '. - - - '. - '. - '. - - - - - - - - - - - - - - .' .. ' .. ' - - - .' - - - - - -
, I " """, , " , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1.0 , I I , , , " " " , " w • _____________________ w _ w ____________________ _ 

, , , , " , " " , " 

- ,- - ,- - ,- - ,- - ,- - ,- - ,- - ,- - ,- - ,- - ,- - ,- - ,- - ,- - ,- - ,- -,- -,- -,- -,- - -

0.8 , , , , , , , , , , , , , , , , , , , , , , , , , , , , ___________ w _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____________________ _ 

, , , , , , , , , , , " , 
____________________________ w _________________________ _ 

, """ , , , " " ___________ w __________________________________________ _ 

" "", ,t"'" , 

0.6 ___________________________________________________ • _ w _ 

, , , "'" , """, 

, " ,""" , , , " , , _______ w _____________________________________________ w _ 

0.4 , " """, , " , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
, , " ", ,,' , " , ________________________ w w ____________________________ _ 

, , " ", '" , " " 
_____ w ________________________________________________ _ 

t , , " ", t , , , t t t , " '" I 

0.2 

0.0 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

FIGURE C-3 (cont'd) Normalized Base Shear vs Normalized Ductility 

c - 14 



( e) V 0 * IVyo vs. JlIJls - all specimens 

2.5 -,... - ,- - ,- - ,- - ,- - ,- - ,. - ,- -, - -, - -, - -, - ., - -, - -, - ., - "'\ - , - , - r - .. - ,... - ,- - ,- - ,- - ,- - ,- -, 

I , , , I I , , , , , I , , , I I I , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- ,- - ,- - ,- - ,- - ,- - ,. - ,- .,- -,- -,- -, - -, - ., - ., - ., - ., - -, -

2.0 - - - - - - - - - - - - - - - -
I I I I , , , 

I I , , I I I " I , , I , , , , , I I I , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - -
, , , I , , I I I , , I " I I I , I I , I , 

= 1.5 
, I I I , , · - - - - - - - - - - - - - - -

i 
oj< 

>= 

- - - - - - - - - - - - - - -, , , , I , , 

, , 
· - - - - - - - - - - - - - - -

, I I I I , , 

1.0 
, " '" · - - - - - - - - - - - - - - -
, , I I , , , 

, , , , I I , I , I I - - - - - - - - - - - - - - - - - - - - - - - -
0.5 - - - - - - - - - - - - - - -, , , , , , , - - - - - - - - - - - - - - - - - - - -. , , " ",, 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
" , """ I I I • , I I 

0.0 +---'--------'------'-----i-----'--------'-----,------'--------'-------'-----,------'------,----'------,------'--------r-------'----, 

0.0 0.2 0.4 

~Specimen 1 
• Specimen 5b 

Specimen 8 
-+-Specimen 11 

... Specimen 14 

0.6 0.8 

_Specimen 2 
_Specimen 6 
---Specimen 9 
_Specimen 12 

1.0 1.2 

...... Specimen4 
Specimen 7 
Specimen 10b 

...... Specimen 13 

FIGURE C-3 (cont'd) Normalized Base Shear vs Normalized Ductility 

c - 15 

1.4 



(a) Vo */Vyo vs. U/Urel-max (e~O.I) 
1.8 

- -, - -,- - ,- - ., - ., - - ,- - .. - -, - .,. - ,- - -, - -, - - ,. - T - -, - .,. - ,. - ., - .,. - ,. - .. - ., - - ,- - , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -, , , , I , , I I , I I , I , , , , , , , ' I , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1.6 

I " I , I , , , I " " 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
" ,,' I , , , I , , , 

, , , 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- ., - _'v - '. - .' - .' - - ,- - '. - .' - .'. - I. _ ..! _ .'_ .. - .' - .'. - '. - .' - ., - - '. - ! - .' - - I. _ ' 

1.4 
- -, - - ,- - .. - ., - -,- - ,- - ., - -, - - ,. - .. - -, - .,. - ,. - -, - .,. - ,- - "i - ., - - ,- -

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1.2 

, , , I , , , , , , I I I 1 • , , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -, , , , , , , , , " " ,',' 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .. - - - - - -

, , , , , , , r , , , , , , , , , , , , , , - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I:> 

1.0 ... 
> 

_ _ ,_ _ .' _ _, _ _ ,_ _ ~ _ _, _ _, _ _ ,_ _ _, _ _, _ _ ,_ _ _ _, _ _' _ _ ,_ _ _, _ _, _ _ ,_ _ 1 _ _, _ _, _ _ 

--oj: - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .. - - - - - -
I:> 

0.8 > 
, , , , , , , , , , , , , , , , , , , 

- - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -, , , , , , , , , , , , " , ""'" 
, , , , , , , , , , , , , , , , , , , , , , , , - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

'. - -' - -'- - '- - -' - -' - - '- - !. - .' - -'- - '- - -' - -' - - '- - !. - -' - • '. - ' 

0.6 

- -, - -,. - ,- - -, - -, - - ,- - -; - -, - -,- - ,- - -, - -, - - ,- - .. - -, - -,- - .- - -, - -, - - ,- - r - -, - - ,- -

0.4 - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - .. - - - - - - - - - - - - - - - - - - - - - -, , , , , , , , , , , " """", 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - .. - - - - - - - - - - - - - - - - - - - - - -

, """, , , " 

, , , , , , , , , , , , , , , , , , , , , 1 , , 

- - - - - - - - . - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - - - - - - - -
0.2 

0.0 +---------~--------~----------~--------~--------~---------, 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

(b) V 0 * /Vyo vs. U/Urel-max (0.1 <e~0.3) 
1.8 - -, - -, - - ,- - -, - -, - - ,- - ~ - -, - -, - - r- • -, - -, - - ,- - -, - -, - - ,- - T - -, - -, - - ,... - -. - -, - - ,- - -, 

- ., . -,- - ,- - -, - -, .. ,- - .. - -, - - ,- - ,- - -, - -,. - ,. - -, - -, - - ,- - -; - -, .. ,- - .- - -, - -,- - ,- - ., 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - - . , , , , , , " , """"", - - - - - - - - - - - - - - - . - - - - - - . - - - - - - - - - - - . - - - - - - - - - - - - - - - .. - .. 

1.6 L , , , , , , , , , , , , , , , , , , , , , , , 

, "'" "" , , - - - - . - - - ... - - - - - - - . - - - . - - - - . - - . - - ... - - .. - - - - - - .. - . - . - - . -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . 

. . , . -, - - ,- - " .. , .. "~'-' --.- - ,- . " - -, - -, .. ,. - .. -, .. ,. - ... , .. ,. - " - ~ . -, - . ,. - " 
1.4 _., - . ,- - ,- . ., - -

~~~~~:-;..;...;-:...:..tI':"'; .. -'~"";"..:-.;.;'-:..:..' ~"";'-~-'''';--'~'.:.' ";'-~'-"';'-';"'':'-,;,;.,,,;, . ..,;-... '-.- ...... , .. ,- . .- - -, - -,- - ,. - ., . - ; - -, - -,- - ... -, - ',' . ,- . " 

1.2 , , " , - ... - .. - - . - - .. - . - - .. - . 
-.-.--. .... .: - .' •• '- _!.. -'- -'. - '. - -' - .' •• ' ••. ' 

~. 1.0 
~ .. - - - - - - - - - . - - . , , , , ' 

.. - - - - - - - - - - - - - - - - - - - .. - ... 
oj: , , , , , 

>1:> 0.8 
, , , , 

- - . - - . - - .. - - - - - - - , , , , - .. - .... - - -

0.6 

_ .' _ • , __ I.. • _, • _,_ • '. _ J • _, _ • , __ J.. • .' •• \.. • -' __ , __ 

- - - . - - - - -,- - ,- -
. - - - .. - - - -, , 

- - . - - - - - - - - . - - - . 

_ Specimen 2 

--*- Specimen 4 
_Specimen 6 

Specimen 7 
Specimen 8 

--I-- Specimen 11 
_ Specimen 12 

O.O+-~~~~~~~~~~~~--r-~~~-r~~====~====~~ 

0.4 , , , , , , - . - - - - - - - - - . - - -

0.2 
- -,- - ,- . 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

U/Urel-max 

FIGURE C-4 Normalized Base Shear vs Displacement Ratio 

c - 16 



2.S 

2.0 

o I.S 
-;' ---!< 

o 

> 1.0 

O.S 

1.2 

1.0 

0.8 

0 
>. 

> 0.6 ---!< 
0 

> 
0.4 

0.2 

0.0 

0.0 

0.0 

0.1 

(c) V 0 * /Vyo vs. U/Urel-max (0.3<8::;;0.5) 

• Specimen Sb 
-'-Specimen 9 

, S eCim:er,n~:ilO:b~,~: ~:,~:J-=. :. __ --.' ~.-,.-._,. __ .,-" ... ------. __ . -.-.---.,. ... 
., - ., -

....... ,. 
- - - - - . - - - - -, , 

:.: .. ,. 

0.2 0.3 0.4 O.S 0.6 0.7 0.8 

(d) Vo */Vyo vs. U/Urel-max (8~O.5) 

, , , - - - - - - - - - - - -

~~~::~:::~: ~-A.'_ 

····r·.: ....... . 

. I ........ Specimen 141. 

0.1 0.2 0.3 0.4 O.S 0.6 

U/Urcl-max 

FIGURE C-4 (cont'd) Normalized Base Shear vs Displacement Ratio 

C - 17 



( e) Vo * /Vyo vs. U/Urel-max - all specimens 
2.5 - ,- - ,- -, - *, - r - ,- - ,- *, - -, - , - ,... - ,- -,- -, - ., - r - ,. 0- -, - -, - T - ,- - ,- -, - -, - .. - ,.. - ,- -,- -, 

I I " '" I .," I , I I " '" I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
I I " I, 1 I '" I I , , , " I I I , , , , I 

- - - - - - - - .. - - - - - - - - - - - - - - - - - - - - - - - - - - - - .. - - - - - - - - - - - - - - - -
, I I, I I "" I , I , " I, I , I I , I 

- - - - - - - - .. - - - - - - - - . .. - - - - - - - - . - - - - - - -
, , I I " I I I , I , I I , I 

2.0 

::;.:....~~-~-~,--~,:+: :~:~: :~::~: :~:: ~::::::'::: ::: ::: :::':: :': :'::' 
, I , " ", I "" 

, , , 
- - - - - - - - - - . - - - - - - - - .. - - - - - - - - - - - - - - - -

0.5 - - - - - - - - - - - - - - - - - - - -. - - - - - - - - -

- ,- -,_:: - -, - ~, - :- - :- -: &_: - ~, - :- - :- -: - -: - -: - -:- -:- -: - -: -

I , " I I " ", I I , , , " I"" - - - - - - - - . - - - - - - - - . - - - - - - - - - - - - - - - - - - - .. - - - - - - - - . - - - - - - -

0.0 +---------~--------~----------~--------~--------~--------~ 

0.0 0.2 0.4 

~Specimen 1 
& Specimen 5b 

-41iw'~ Specimen 8 
~ Specimen 11 
~1£t:- Specimen 14 

0.6 

_Specimen 2 
_Specimen 6 
-II- Specimen 9 
_Specimen 12 

0.8 1.0 

~Specimen4 
Specimen 7 
Specimen 10b 

---Specimen 13 

FIGURE C-4 (cont'd) Normalized Base Shear vs Displacement Ratio 

c - 18 

1.2 



o "'. 

(a) Vo*/Vyo VS. drift (e~O.l) 

2.0 -,.. - ,- - ,- - " - ,- -,- -,' " - " - -, - " - -. - ., - .,. - r - ,.. - ,- - " - " - " - " ',- -,- -, - -, - -, - -, - .., 

, ", , , , I , , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

I , I , , , , , , • , , , , , I , , , I , I , i , , , , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

1.5 I , I , , , , I I - - - - - - - - - - - - - - - - - - - -, , , , , , , , , , , , , , , I - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - - - - - - - - - - - - - - - - - - -, 1 , I , , , , I , , , I I 

, , , , , " "" I , , I , , , I , I , - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- ,- - I - -, - - I - -, - - - - I - " - " - - - •• - ~ - ,- - " - " - ,- -, - -, - - I - -, - -, - -, - " - - - -, 

~ 
i< 1.0 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

, " " , " " , 
o 

> 

0 "'. > 
---i< 

0 

> 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
t, " , " " 

, '" , , , 
- - - - - - - - - - - - - - - - - - - - - - - - - -

t , "'" 

0.5 - .... - t_ - ,- - ,- - ,- -, - -, - -, - -, - -, - -, - -i - ... - ~ - ~ - ... - ,- - ,- - ,- - ,- - ,- -, - -, - -, - -, - -, - -, - .... 

, "'" , - - - - - - - - - - - - - - - - - - - - - - - - - -

. : : :: :: :: ::: : ': ::I~Specimenll; 

0% 10% 20% 30% 40% 50% 60% 70% 

drift, y 

(b) Vo */Vyo vs. drift (O.l<e~O.3) 

1.6 

1.4 ··:·::::::::::::::7::::::'::::::::::::::::::::::::::::::: 
1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

- - - ,- - - ,-

.. " ......... , .. '. _Specimen 2 

... , ~ Specimen 4 
....... ' ...•.. : _Specimen 6 

- - - - - - -, - - . . . . . . . Specimen 7 

- - - - - - - - - - - - - - - - - • ~.'""' Specimen 8 , , , , 

• -!-- Specimen 11 
..•...• _Specimen 12 

0.0 +--~---':-"':"""'~-~~---':"-~~~-"':"""'~-~~---';:==:::::::::::===='-~ 

0% 5% 10% 

drift,y 

15% 

FIGURE C-5 Normalized Base Shear vs Drift 

c - 19 

20% 



c -20 



(e) V 0 * IV yo vs. drift - all specimens 
2.S 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - _. - - - -
I I I , I , , , , , I , , I , , I I , , I , 

2.0 , I , I , " "" - - - - - - - - - - - - - - - - - - - - - - _. - - - -

- - - - - - - - - - - - - -
I, "" 

, I I I I , I I , , , - - - - - - - - - - - - - - - - - - - - - - - -

1.5 
- - - - - - - - - - - - - - - - - - - - - -

, I , I, '" 

1.0 
, , , , 

- - - - - - - - - - -
, , , I , , I , , 

- - - - - - - - - - - - - - - - - - - - - -

- - - - - - - - - -, , , , - ,- - ,- - ,- - " - ,- ',- " - -, - -, - " - " -
, , I I , I I I , t - - - - - - - - - - - - - - - - - - - -

O.S , Jj{ . ,. .,. .,. ., - -, - -: - -, - " - , - , - , . ~ - :- -: - -: - -, - -, - -, - -, - " - ~ - , - ~ - : - r - , 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
, , I , I I , , , I I I "" 

0.0 +-------~--------,_------_r------_,--------~------_,------__, 

0% 10% 20% 

....- Specimen 1 
... Specimen Sb 

M,,~q%PW£= Specimen 8 
--+- Specimen 11 
~"'');:'- Specimen 14 

30% 40% 

drift, y 

_Specimen 2 
_Specimen 6 
---Specimen 9 
_ Specimen 12 

SO% 60% 

~Specimen4 
Specimen 7 
Specimen 10b 

---Specimen 13 

FIGURE C-5 (cont'd) Normalized Base Shear vs Drift 

c - 21 

70% 



(a) Sa/(Vyo/W) vs ~ (8s0.1) 

6 - -,- - -1- -1- -"'T - - T" - - r - -,- - -1- - r - -"T - - r - - r - -1- - -1- --,- - T - - r - -r - -1- - -1- -1- - T - - r - -1- --I 

__ 1 ___ 1 __ ...J __ ..1 __ L __ L __ 1 ___ 1 __ ...J __ -.l __ 1.. __ L __ 1 ___ I __ .J __ 1. __ L __ 1 ___ 1 ___ 1 __ J. __ .L __ L __ 1 ___ I 

I I I I I I I I I I I I I I I I I I I I I I I I 
- -1- - -1- - "1 - - ,- - - r - - r - -1- - -1- - "1 - - 1" - - "I - - I - -1- - -I - - "1 - - T - - r - - r - -1- - -I - - ., - - T - - I""" - -1- - -I 

__ 1 ___ 1 __ J __ ...! __ 1 __ L __ 1 ___ 1 __ J __ 1 __ 1 __ L __ 1 ___ 1 __ J __ .! __ L __ 1 ______ I __ ...! __ .! __ L __ 1 __ _ 

I I I I I I I I I I I I 

5 - -1- - -1- - --t - - -t - - t- - - I- - -1- - -1- - --t - - + - - t- - - t- - -1- - -1- - --t - - + - - t- - - I- - -1- - -I - - -t - - + - - I- - -1- - -I 

I I I I I I I I I I I I I I I I I I I I I I I 
- - 1- - -I - - -, - - "I - - "I - - ,- - -1- - -I - - "I - - "I - - I" - - 1- - - -I - - --; - - "I - - "I - - ,- - -1- - -, - - t - - T - - I - - ,- - -
- -1- - -1- - -! - - -+ - - -I- - - f- - -1- - -1- - --l - - + - - -I- - - f- - -1- - -I - - -l - - + - - .j.... - - I- - -1- - -1- - -4 - - +- - - I- - -1- - -I 

1 I 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
- -1- - -1- - -I - - 1-- I - - 1- - - - - -1- - "I - - T - - , - - 1- - -1- - -I - - ""1 - - T - - , - - 1- - -1- - -1- - ""1 - - T - - I - -1- - -

4 - -1- __ 1 __ -J __ --l- __ .I.- __ I- __ 1 ___ 1 __ -J __ --l-- __ .I.- __ I- __ 1 ___ I __ ...J __ --l-- __ .I.- __ I- __ 1 ___ 1 __ ...j. __ .j.. __ ~ __ 1 __ 

1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 I 1 1 1 I 1 
- -1- - -1- - -I - - I - - I' - - 1- - -1- - -1- - 1 - - I - - "'I - - r - -1- - -I - - "1 - - T - - "'I - - 1- - -1- - -I - - "1 - - T - - r - -1- -
__ 1 ___ 1 __ .J __ ...l __ L __ L __ 1 ___ 1 __ .J __ .1 __ L __ L __ 1 ___ I __ .J _ ...1 __ L __ L __ 1 __ 

1 1 1 1 1 1 I 
1 - - "1 - - "T - - T" - - r - -1- - -1- - "1 - - T - - r - - r - -1- - -I - - I - - T - - r - -1- -

.1 __ 1 __ L _______ .J __ 1 __ 1 __ L __ 1 ___ 1 __ J __ .1 __ L __ 1 ___ 1 ___ I __ ..1 __ 1 __ L __ 1 __ 

1 1 I 1 I 1 I 
- -t - - j - - r - -1- - -1- -""1- - i - - r - - r - -1- - -1- -4- -"'t - - r- - -1- - -1- - -1- -1- - j - - r - -1--

__ J. __ !... __ 1 ___ 1 ___ 1 __ J __ .! __ !... __ 1 ___ 1_ _ _ _ J __ 1 __ !... __ 1 ___ 1 ___ 1 __ ....! __ .!... __ L.. __ 1 __ 

I 1 1 1 1 1 1 1 1 1 I 1 1 1 II! I 1 I 
-! - - -+ - - t- - - r- - -1- - -I - - -i - - -+ - - t- - - f- - -1- - - - --f - - + - - t- - - I- - -1- - -1- - -t - - + - - t- - -1- -

2 1 1 1 I 1 1 1 1 1 1 
-l--1--f--~--~-~--l -1--f--~-

1 1 1 1 1 I 1 1 
--l--T--f--~- -~--l--T--f-----

- - 1- - 1- - ~ - - -+ - - +- - - I- - -1- - -I - - ~ - - + - - +- - - I- - -1- - - - -l - - + - - .j.... - - I- - -1- - -I - - -4 - - +- - - I- - - 1- - -I 
1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I I 1 1 lit I 

-1- - -I - -"1- -,- -1- - -1- - -1- -"I - -"I - -,- -1- - -1-- - - ""1 - - T - -"I - -1- - -1- - -1- - I - - T - -"I - -,- --
_1 __ --I __ --l- __ ./- __ I- __ 1 ___ 1 __ ....J __ ...j. __ ./- __ I- __ I __ __ ...J __ -1- __ l- __ I- __ 1 ___ 1 __ .4 __ .j.. __ I- __ 1 ___ I 

1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 
-1- - I - - 1 - - I - - r - -1- - -1- -"1 - - I - - T" - - r - -1--

__ 1 __ ..J __ ...l __ L __ L __ 1 ___ 1 __ -l __ J. __ L __ L _1 __ = = ~== = ==~ ==:= = =:= = =:=l~Specimenll 
I 1 1 1 III . 

1---1- - ,- --r- -r - -r - -1- - -1- -"""1- -"T - - r --r - -1- - - -"""1- -T - -I --r - -1- - -1- -1- - T - - r - -1- --I 
_____ 1 ___ I __ .1 __ L __ L __ 1 ___ 1 __ .J __ J. _ L __ L __ 1 _____ .J __ .1 __ L __ L __ 1 ___ I __ ..1 __ 1 __ L __ 1 ___ I 

, , , 
O+-------------r-----------~------------_r------------~----------~ 

o 

6 

5 

4 

2 

o 
o 

5 10 15 20 25 

Displacement Ductility, ~ 

- -1- - -1- -1- - T" - -1- -1- - -, - - T - - r - -1- - -1- -1- - T - -1- -1- -,- - I - - r - -1- - -1- - -, - - T - - r - -1- --I 
__ 1 __ J __ 1 __ 1 ___ 1 __ ..J __ 1 __ L __ 1 ___ 1 __ .J __ 1 __ L __ 1 ___ I __ .1 __ L __ 1_ _ _ J __ 1 __ L __ 1 ___ I 

1 I 1 I 1 I 1 1 1 I I 1 I I I I 1 1 1 1 1 1 1 
- -1- - -1- - -4 - - +- - -I- - -1- - ~ - - + - -I- - -1- - -1- - -+ - - +- - - f- - -1- - ---1- - -+ - -I- - -1- - -1- - -1- - + - -I- - -1- --I 

I 1 1 I I I 1 1 I I 1 I 1 I I I 1 1 1 I 1 1 1 
- -1- - -1- - I - - I - - r - -1- - I - - I - - r - -1- - -1- - "1 - - T - - 1- - -1- - -I - - I - - "'I - -1- - -1- - r - -1- - -I 

__ 1 ___ 1 __ ...l __ L __ L __ 1 __ .J __ .1 __ L __ 1 ___ 1 __ .J __ L __ L __ 1 __ .J __ ...l __ L ____ ...1 __ 1- __ L __ I ___ I 

I I I I 1 1 1 I 1 I 1 1 1 1 
- -1- --1- - -t - -t- - -I- - -1- - -i- -+ - - j- - -1- --1- - --t - - t- - -I- - -1- ---t - - j---I---I---t-- T--I"-- -1- --I 

I 1 I 1 1 1 I 1 I I 1 1 1 I 1 I 1 1 1 1 I 1 
- -1- - -1- - 1 - - , - - 1- - -1- - "I - - "I - - "I - -1- - -1- - "I - - - - -1- - -I - - I - - , - -1- - -1- - "I - - T - - t - - - - -I 

__ 1 ___ 1 __ ...l __ L __ L __ 1 __ ..J __ ..l __ L __ 1 ___ 1 __ J 1- __ L __ 1 __ ..J __ ...l __ L __ 1 ___ 1 __ .J __ .1 __ L __ 1 ___ I 

I I I 1 1 1 1 1 1 I I I I 1 1 
- -1- - -1- - -r - - -r- - - I" - -1- - "I - - I - - I" - -1- - "1 - - "I - - r - -1- - -, - - ,. - - r - -1- - -1- - I - - T - - r- - -1- - j 

1 1 1 1 I 1 1 I 1 I I 1 1 1 1 1 I I I I f 1 
- -1- - -1- - "I - - I" - - 1- - - - - 1-- I" - - I" - - - -1- - "I - - "I - - 1- - -1- - -I - - "I - - I" - -1- - -1- - "I - - T - - I" - - - - -I 

- -1- - -I - - I - - T" - - I - -1- - "l - - T -
_~ __ l __ L __ L_ _~ __ l_ 

1 1 I I 1 

--~-~--~--~--~-~--~--+ 

- -:- - -:- - ~ - - ~ - -~ - -:- - ~ - - ~il--4---~-":'''''''~~~. 
__ L_~ __ l __ L __ L_~ __ ~_ 

I I I 1 
- - -t - - T - - f- - -1- - --1 - - -t - - t-

1 I 1 I I I I 1 
- - - - - - - - - - - - - 1- - -1- - -I - - "I - - 'I 

__ L __ 1 __ ..J __ ..1 __ L 
, , 

, - -,.. - - r - -1- -"1- - -r - - r 

~ -~M;;;;~-~, ",-"":-:,-_::- ~ --+ -- ~ - -:- - ~- -+ -- ~ 
- t- - -1- - -1- - --I - - +- - -I- - -1- - -1- - -+ - -.t-

1 I 1 I 

_1 __ ..1 __ 1 _____ 1 __ .J _ _ .1 _ _ L __ 1 ___ 1 __ J __ .!... __ 1 ___ 1 ___ 1 __ ..1 __ L 

1 1 1 1 I I 1 I 1 1 I 1 I I 1 1 1 

2 3 

Displacement Ductility, ~ 

-Specimen 2 -~ , 
- - , 

~Specimen4 - -, 
-Specimen 6 

---j 

- -, 
, 

Specimen 7 _..J 

~Specimen8 
--, 

- -' 
--I--Specimen 11 ---" , 
_ Specimen 12 

-, 
- -' 

4 5 

FIGURE C-6 Normalized Spectral Acceleration vs. Displacement Ductility 

C - 22 



-~ -0 
>. 

;, 
~ -'" rJl 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

- -1- -1- - T- - r - -1- - -1- - i - - r - -1- - -1- -"1- - r - -1- - -1- -""1- - r- -r - -1- - ,- -T --r--I--i- - T --I 

I I I I I I I I I 
- -1- - -,- - T- - r" - -1- - -1- -"'T -- r - -1- - -1- - -r - - r - -1- - -1- - -, --T- -r - -1- -1- -T--r --1-- -,-- T --1 

I I I I I I 
- -1- - -J - - T - - r- - -1- - -I - - -t - - r - - 1- - -1- - , - - "I - - 1- - -1- - ""1 - - I - - I" - -

I I I I I I I I I I I I I I I I I 

--, - - t- - - I - -1- - --j - - I - - I 

I I I I J 
- -1- - -1- -""t-- j- - -1- - -1- - -t -- t- - -1- - -1- - --t - - t- - -1- - -1- ----t- - r 

I , 

- -1- - --l- - + - -j- - -1- - -1- - -+ -- +- - -1- - -1- - -+ - - +- --1- - -1-

__ 1 __ .....1 __ --I- __ 1- __ 1 ___ I 

I I I I I I 
___ 1 ___ I __ ..1 __ L __ 1 ___ I __ --1 __ L __ 1 ___ I __ J __ 

, , 

I I I I I I I I I 
_ L __ 1 ___ 1 __ .J __ 1- __ L __ 1 __ .J __ 1. __ L __ 1 __ -I __ .1 __ I 

, 
_ _ 1 ___ I __ .1 __ L _______ -.l _ __ 1. __ L __ 1 __ .J __ 1 __ L __ 1 ___ I __ J. __ L __ 1 ___ I __ 1 __ 

, 
__ l __ '- __ 1 ___ I __ J __ L _______ .J __ .!... __ ,_ _ _ J __ 1.. __ 1_ _ _ J __ 1. __ l ____ J __ 1 __ 

I , , 1 , 'I "I I I 1 I, I , , , 

__ l __ ~_ """" 1 , , 1 I I , 1 , I 
, I ----~--f--~----~--f--~----~--T--~----~--T-------------

I 'I'" 'I 1 I 1 1 'I - - I" - - - - - - - -,- - - - - - - -,- - -,- - I - - I" - - ,- - -1- - I - - "I - - ,- - -1- - - - - T • Specimen 5b 
'" "I" I'" , - - ,- - - : - -,- - -, - - ; - - ,- - -,- - ~ , - -, - - : - - ,- - - ; - - : - - :- - -:- - ; - -: -.-Specimen 9 

- - "I - - 1 - -,- -,- - 1 - - ".::.,. -',- - 'I - - "I - - ,- - -,- - 'I - - T - - ,- - -,- - "1 - - T 

Specimen lOb , ~ , , C I I , 1 I , , , , I I , I 

- -,- - - -1- -1- --~':-r_l- -1--1- - -,- -1--1- -,- - -1- -1- -I - -,- -,- -1-- T 
'i ,-~ ........... ·,,·,·t ......... t. I I , I , , I , , , , I , 1 , 

- -,- - "I - - . - - ,- - -1- - -I - - 1" - - ,- - -1- - -,- - I - - r - - r - -1- - I - - T - - r - -,- - ..., - - T 
, ....-Specimen 13 

0.0 0.5 1.0 1.5 2.0 2.5 

Displacement Ductility, M-

- -1- - "I - - I - - "I - -1- - -,- - .., - - T - - r - -1- - "I - - 1 - - r - -,- - -1- - "1 - - T - - r - -1- - "I - - T - - r - -,- - -,- - 1 

I 1 1 ,I I 
- -1- - --I - - -j. - - +- - -1- - -1- - --I - - + - - I- - -1- - -I - - -+ - - +- - -1- - -1- - -+ - - + - - I- - -1- - -l - - + - - t- - -,- - -1- - -I 

1 I 1 1 I 1 1 1 I 1 1 I 1 1 1 1 I 1 1 I 1 I , , 1 
__ 1 ___ , __ .1 __ L __ 1 ___ 1 __ -1 __ .1 __ L __ 1 ___ I __ .1 __ L __ 1 ___ 1 __ -1 __ .1 __ L __ 1 ___ I __ .1 __ L __ , ___ 1 __ J 

1 1 1 I 1 1 I 1 I 1 1 1 I , 1 I 1 1 
1 1 1 I 'I 1 1 1 I' I 1 , I 

- -1- - -1- -"I - - 1 - - - - -1- -1- - - - -1"- -1- - -1- -1- -1- -1- - - - -1- - T - - - - -1- - -1- - - - - r - -1- - -,- --
, , 

- -1- - ---J - - -;- - - t" - -1- - -1- - -1 - - + - - j- - -1- - -j - - -;- - - t" - -1- - -1- - -1 - - + - - t- - -1- - ---J - - + - - 1- - -1- - -1- - -j 

1 1 1 1 1 1 1 I I' 1 I , 1 1 I , I 1 1 1 1 
__ 1 __ ..J __ ..1 __ L __ 1 ___ 1 __ --I __ .L __ L. __ 1 __ ..J __ ..1 __ L __ 1 ___ 1 __ --I __ .L __ L. __ 1 __ ..J __ J. __ L __ 1 ___ 1 __ --I 

, 1 1 I 1 1 I I I 
_____ I __ J __ !.. __ I ___ I __ J __ l __ '- __ I ___ I __ J __ !.. __ I ___ I __ J __ 11111 I I' 

1 , 1 1 1 1 1 1 I 1 1 1 1 - - I" - -1- - -1- -"I - -"I - -1- - -1- --I 

1 1 1 I 
- -1- - "I - - 1 - - T - -1- - -1- - .., - - T - - r - -1- - "I - - I" - - "I - -1- - -1- - "1 - - T - - r - -1- - "I - - I" - - r - -1- - -1- - "1 

1 , 1 1 1 1 
- - -1---1- - -l- - - +- - -1- - -1- - -+ - - + - - f--- -,- - -1- - -l- - -f- - -1- - -1- - -1- - + - -I- - -,- - -1- - + - - j... - -1- - -1---1 

" 1 __ 1 ___ , __ .1 __ 1 __ 1 ___ 1 __ .J __ 1. __ L __ 1 ___ I __ ..1 __ L __ 1 ___ 1 __ .J __ .1 __ L __ 1 __ .J __ .1 __ L __ , ___ , __ -' 

1 1 1 1 1 I I 1 1 1 1 , 1 I 1 1 1 1 1 1 1 , , , 1 

1 1 1 1 1 1 1 1 1 1 I' 1 I 1 I, ,I 
-- -1- - - - -1- - r - - - - -1- - - - - - - -1"- -1- - -1- -1- -1- - - - -1--1-- T - - - - -1- - -,--- - -1"- -,---,- --

, 
- -1- - ---J - - -;- - - t- - -1- - -1- - -j - - + - - j- - -1- - -j - - --t - - t- - -1- - -1- - -t - - + - - t- - -1- - -l - - + - - 1- - -1- - -,- - -I 

I 1 1 I 1 1 1 1 1 1 1 I , I , , 1 
__ 1 __ ..J __ -L __ L __ L __ 1 __ .J __ 1. __ L __ 1 __ ..J __ ..1 __ L __ , ___ 1 __ --I __ .L __ L __ 1 __ .J __ J. __ L __ , ___ 1 __ .J 

1 , I 1 1 1 
1 1 1 1 1 1 1 I I I I 1 , 
1--f--~-~--1--T---- ----T--f--~-~--l 

I 1 1 I I 1 
- -1- -"1- - I" - - T - - -1- - 1- - I" - - r - -1- - -1- -.., - - T - - r - -1- -"1- - I - - r - -1- - -1- -..., 

1 I 1 I I J 1 I 1 
- -1- - -I - - -l- - - f- - - 1- - -1- - -+ - - + - - f-- - -1- - -I - - -l- - - +- - -1- - -1- - -l - - + - - f-- - -1- - -I - - + - - t- - -1- - -1- - -l 

'I' I 1 1 

- -:- - -:- - -1_ -} - -:- - -:- - -1_ - t - - ~ - -:- - ~- - ~ - -} - -'- - -:- - -1 __ 1- - - ~ - -:, rl ......... ---S-p-e-c-i-m-e-n-I-4---,~ -'I' 
I I 1 I 1 1 I 1 I' , . I 

- -, - - 1 - - T - -1- - - 1 - - T - - I" - -1- - -I - - 1" - - 1 - -,- - - - - 1 - - T - - I" - - -I 

1 1 1 1 1 1 

0.0 0.5 1.0 1.5 2.0 2.5 

Displacement Ductility, /-t 

FIGURE C-6 (cont'd) Normalized Spectral Acceleration vs. Displacement Ductility 

c -23 



(e) Sa/(Vyo/W) vs. Jl - all specimens 

6 - -1- - -1- - -, - - T - - r - - I - -1- - -I - - -, - - T - - I - - 1- - -1- - I - - "l - - T - - r - -1- - -1- - ""1 - - "1 - - T - - i - -1- - -I 

5 

4 

2 

o 
o 

__ 1 ___ 1 __ J __ .! __ L __ 1 ___ 1 ___ I __ J __ .1 __ L __ 1 ___ 1 ___ I __ J __ 1 __ L __ 1 ___ 1 __ -' __ 1 __ l __ L __ 1 __ _ 

I I I t I 
- -1- - -1- - -l - - + - - +- - - I- - -1- - -I - - -I - - + - - l- - - 1- - -1- - -l - - --+ - - + - - I-- - -1- - -1- - --! - - -+ - - + - - I- - -1- - -I I I I 

T - - 1- - -1- - -1- - '1 - - T - - r - -1- - -1- - -1- - --, - - T - - I - -1- - -1- - -1- - 1" - - T - -1- - -1- --I 

__ L __ L __ 1 ___ 1 __ .J __ 1 __ L __ 1 ___ 1 ___ 1 __ ...! __ 1 __ L __ 1 ___ 1 ___ 1 __ 1 __ 1 __ L __ 1 __ _ 

- -+ - - t- - - t- - -1- - -I - - -t - - + - - t- - - 1- - -1- - -l - - -t - - + - - t-- - -1- - -1- - -i - - -t - - + - - r- - -1- - -I 

I I I I I I I I I I I I I 
- - I - - T - -1- - -1- - -1- - 1- - T - - r - -1- - -1- - -1- - I" - - T - - I - -1- - -1- - -I - - 1 - - T - -1- - -1- --

-.J __ -.l __ L __ L __ 1 ___ 1 __ -..I __ .1 __ L __ L __ 1 __ ~ _ ~ -.l ~ _ 1. __ L __ 1 ___ 1 __ -l __ ...I. __ 1. __ L __ 1 ___ I 

I I 
"1 - - 1- - - t- - -I - -1- - -1- -"1 - - 1- - - r - - r-- - -1- - 1- -"1 - - I" - - r- - ~I- - -1- -""1 - - 4" - - I - - r-- - -1- --I 

1 I 1 1 1 1 1 1 1 1 I I 1 1 I 1 1 1 1 1 
-1--1--f--~--~-~--1--r--r--~----1--1--r--r--~-~-- --l--r--~-----

-~--~~~~~~7=..l--L--L--I--
..... - i - - r- - -1- - -1- - ~ - -"I - - i - - r - -1- - -1- -..., - -.,. - - T - - r- - -1--

_~ __ J __ ! __ L __ L_ _J __ J __ ! __ L __ L_~ __ J __ J __ L __ L __ L_ 
1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 

_ -+ __ .j.... __ I-- __ 1 ___ I - _ --l __ -l- __ ~ __ 1 ___ 1 __ -I __ -l- __ +- __ ~ __ 1 __ -1_ - -l - - --l- - - .j.... - _ I- _ -1- _ 

I I 1 1 1 1 1 1 
- - T - - T" - - r - -1- - -1- -"1 - - T - - r - -1- - -1- - 1- -"'T - - T - - r - -1- - -1- - -,- -1- - T - - r - -1--

J __ 1 __ 1 __ L __ 1 ___ 1 __ J __ 1 __ L __ 1 ___ 1 ___ 1 __ 1 __ 1 __ L __ 1 ___ 1 __ J __ 1 __ 1.. __ L ___ _ 

I 1 1 1 1 I 1 1 I 

-1 - - -+ - - +- - - f- - -1- - -1- - --I - - + - - ~ - -1- - -1- - --1- - -I - - + - - ~ - -1- - -1- - -l - - -+ - - +- - - f- - -I--

I 1 1 1 1 1 1 
1-- T - - I" - -1- - -1- - - - - I - - T - - I - -1- - -1- - -1- - '1 - - T - - I - -1- - -1- - -I - - 1" - - T - - 1- - -1--

.J __ 1 __ L __ L __ 1 _____ J __ 1 __ L __ 1 ___ 1 ___ 1 __ -.l __ 1. __ L __ 1 ___ 1 ___ 1 _ _ ..1 __ L __ L __ 1 __ _ 

I 

---l - - + - - t- - - f- - -1- - -1- - -j - - + - - r- - - t- - -1- - -j - - -j - - + - - r- - -1- - -1- - -]- -""+ - - t- - -I- - -1- --I 

1 1 1 1 1 1 I 1 1 1 1 1 1 I 1 1 
-l--l--r--r--r- -l--l--T--r--~-~--l--T--r--r--~--

__ .J __ .1 __ L __ L __ 1 ___ 1 __ .J __ 1. __ L __ 1 ___ 1 __ ..J __ ...I. __ 1. __ L __ 1 ___ 1 __ -l __ ...I. __ 1.. __ L __ 1 ___ I 

- - "1 - - I" - - 1"" - - r- - -1- - -I - - "1 - - "I - - r- - - 1- - -1- - 1 - - f - - I" - - r - -1- - -1- - ""1 - - I - - I - - 1 - -1- - -I 

I 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
- -1- -"1- - 1- - 'I - -1- - -1- - -1- -"I - -"I - - 'I - -1- - -1- - -1- - 'I - -"1- - I" - -1- - -1- - -1- -I - -"1- -1- - -1- --

5 10 15 

Displacement Ductility, Jl 

-.-Specimen 1 
... Specimen 5b 

~~" Specimen 8 
--r-Specimen 11 

Specimen 14 

_Specimen 2 
_Specimen 6 
---Specimen 9 
- Specimen 12 

20 

~Specimen4 

Specimen 7 
Specimen lOb 

..... Specimen 13 

25 

FIGURE C-6 (cont'd) Normalized Spectral Acceleration vs. Displacement Ductility 

c - 24 



6 

5 

4 

2 

o 

-~ 
---0 

>. 
;, 
'-' ---'" rJl 

- ""1 - - r - -, - - 1 - -, - - I - -,- - T - -,- - T - -1- - T - -1- - T - -1- - T - -,- - I - -,- - "1 - - r - t - - r - ""1 - - r - -, - - I - -, 
_ ..J __ L __ I __ L __ I __ L __ 1 __ .L __ 1 __ .L __ 1 __ 1. __ 1 __ .L __ 1 __ J. __ 1 __ J. __ 1 __ -.l __ L _ ..J __ L _ .J __ L _ --' __ L _ ...J 

I I I I I I I I I I I I I I I 
- ""1 - - I - -, - - r - -, - - I - -,- - T - -,- - T - -1- - T - -1- - T - -,- - I - -,- - "'T - -,- - I - - 1- - .., - - r - -, - - r - --"1 - - r - -, 
_ .J __ L __ I __ L __ I __ L __ 1 __ L __ 1 __ .L __ 1 __ 1- __ 1 __ J. __ 1 __ -.l __ 1 __ .1 __ 1 __ J. __ 1 __ .J __ L _ ...J __ L _ ...J __ L __ I 

I I I I I I I I I 
- ""1 - - r - -, - - r - -I - - T" - -1- - T - -1- - T - -,- - T - -1- - T - -1- - I - -1- - -,- - -1- - "1 - - r - I - - r - .., - - r - -, - - r - -, 
_ ..J __ L. __ I __ L __ I __ .L __ 1 __ .L __ 1 __ J.. __ 1 __ 1. __ 1 __ .L __ 1 __ 1 __ 1 __ J. __ 1 __ ..l __ 1 __ .J __ L _ ...J __ L _ .J __ L __ I 

I I I I I I I I I I I I 
- "l - - r - "I - - r - -I - - r - -1- - T - -1- - T - -,- - T - -1- - T - -1- - I - -1- - "1 - -1- - "1 - - r - -, - - r - .., - - r - -, - - r - ""1 

_ .J __ L __ I __ L __ I __ L __ 1 __ L __ 1 __ 1. __ 1 __ .1 __ 1 __ .1 __ 1 __ .1 __ 1 __ .1 __ 1 __ ...l __ 1 __ .J __ L _ .J __ L _ ..J __ L __ I 

1 1 1 1 1 1 
- L - - r - ..., - - r - -I - - r - -1- - r - -1- - T - -1- - T - -1- - T - -1- - I - -1- - ., - -1- - -r - - I - '1 - - 1 - I - - I - ..., - - r - L 

__ I __ L __ I __ L __ I __ 1 __ I __ 1. __ 1 __ 1 ____ 1 __ 1 __ 1 __ 1 __ .1 __ 1 __ 1 __ 1 __ J __ 1 __ .J __ L _ ..1 __ L __ I __ L __ I 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 

- .. - - r - ..., - - r - -I - - r - -1- - T - -1- - T - -1- - T - -1- - I - - - - - -, - - I - - r - ..., 
__ L _ _ _____________ 1 __ 1 __ .1 __ 1 __ 1 ____ J __ L _ .J __ L _ ..1 __ L __ I __ L __ I 

1 1 1 1 1 1 1 
1- - r- - 1- - t" - -I - - t- - -1- - t" - -1- - t" - -1- - T - -1- - T - -1- - I - -1- - ., - -1- - --t - - r-- - f - - r-- - "i - - r- - I - - r- - I 

__ L __ I __ L __ I __ 1 ____ 1 __ 1 __ 1 __ 1 __ ..L _ _ l __ 1 __ .1 __ 1 __ 1 __ 1 __ J __ 1 __ -.1 __ L _ J __ L _ .J __ L __ I 

1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 
-j - - r- - "4 - - , - -I - - I - -I - - t" - -1- - t" - -1- - T - -1- - I - -1- - I - -1- - 1- - - 1- - "1 - - 1- - f - - r- - "1 - - r- - -1 - - r- - I 

__ L __ 1 __ L __ 1 __ 1 __ 1 __ 1 ____ 1 __ 1 __ 1 __ 1 __ l __ 1 __ .1 __ 1 __ -.1 __ 1 __ J __ 1 __ -.1 __ '- _ ..1 __ '- __ 1 __ L __ I 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

--j - - , - 1- - r - -I - - t" - -1- - t" - -1- - T - -1- - T - -1- - T - -1- - 1- - -1- - ""t - -1- - I" - - 1- - --j - - I - "1 - - r- - -1 - - I" - I 

I 1 1 1 1 1 1 I 1 1 I 1 I 1 1 I 1 1 1 1 I 1 1 I 1 1 I 
- -I - - 1 - -I - - ,- - - - - I" - -1- - I" - -1- - I" - -1- - I" - -1- - I" - -1- - I" - -1- - I" - - 1- - I - - 1- - "I - - 1- - I - - ! - -I - - 1 - -I 

- --j - - I" - -j - - t- - -I - - t- - -1- - T - -1- - + - -1- - T - -1- - T - -1- - -t - -1- - -t - -1- - -t - - r-- - "i - - I - --I - - t- - ---1 - - t- - -j 

I 1 1 1 1 1 I 1 I I I I 1 1 I 1 I I I 1 1 1 I 1 1 I - -1- -1- -,- - - -1"- -1- -1- -1- -1- -1- -"1- -1- -1"- -1- -1"- -1- -1"- -1- -1- -1- -"1- -1- -1- -1"- -1- -1--1 
-j - - t- - -j - - t- - -I - - t- - -1- - T - -1- - T - -1- - T - -1- - T - -1- - 1" - -1- - -t - -1- - -t - - 1- - --j - - j- - --j - - t- - -j - - t- - ---1 

_...! __ L ___ L __ ' __ L __ ' __ '- __ ' __ '- __ ' __ l __ ' __ l _ _ l __ ' __ -1 __ ' __ -' __ ' __ -' : : : : ! ...! 

- ~ - - ~ - ~ - - ~ - -: - - ~ - -: - - ~ - -: - - ~ - -:- - ~ - -:- - ~ - -I- - ~ - -:- - ~ - -:- - ~ - - ~ - ~ I-+-Specimen 1 ~ ~ 
I 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 . .. 1 

- -I - - I" - -I - - I - -I - - "I - -1- - "I - - "I - -1- - I" - - "I - - "I - - "I - - 1- - 1 - - 1- - -; - - 1- - 1 - - I" - -I - - I" - -I 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

6 

5 

4 

3 

2 

o 

u/ L1collapse 

-~--r-~--r-'--r-'--r-'--r-,--r-'--r-'--r-'--r-'--r-'--r-,--r-,--r-,--, 

1 1 I 1 1 1 1 1 I I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
-~--~-~--~-~--~-~--~-~--~-~--~-~--~-~--~-~--~-~--~-~--~-~--~-~--~-~--

_~ __ ~_~ __ ~_~ __ ~_~ __ ~_~ __ ~_~ __ ~_~ __ ~_~ __ ~_~ __ ~_~ __ ~_~ __ ~-~--~-4--~-4--' 
1 1 1 1 1 1 1 1 1 1 1 1 I I 1 I 1 I 1 I 1 1 I I 1 1 I 1 

-~--r-~--r-'-- r-~--r-'--r-'--r-'--r-'--r-'--r-'--r-,--r-,--r-,--, 

_J ___ ...! __ L_ _L_J __ L_J __ L_J __ L_J __ L_-, __ L_J __ L_J __ L_-, __ L_J __ L_J __ L_l __ 
1 I I I 1 1 I 1 1 I I I 1 I 1 1 1 I 1 1 1 1 I I 1 

-~-~--~-~--~-~--~-~--~-~--~-~--~-~--~-4--~-~--~-4--~-4--~-4--' 
I 1 I I til 1 1 1 I 1 1 I 1 I I I 1 1 I I I I I 1 

-~- -~--r-'--r-,--r-'--r-,--r-'--r-~--r-'--r-,--r-'--r-'--r-,--r-,--, 

_L_J __ L_...! __ L_...! __ L_...! __ L_...! __ L_...! __ L_...! __ L_J __ L_J __ L_J __ L_J __ L_l __ L_l __ ' 
1 1 1 1 I 1 1 1 1 1 1 I I 1 I 1 I I 1 1 1 I 1 1 I 1 1 

--~-~--~-~--~-~--~-~--~-~--~-~--~-~--~-4--~-4--~-4--~-4--~-4--~-4--' 

1 1 I 1 I I I til 1 1 I 1 1 I 1 I I 1 I 1 I 1 I ! I I ,--r-,--r-,--r-,--r-'--r-,--r-,--r-,--r-'--r-,--r-,--r-,--r-,--r-,--, 
_...! __ L_...! __ L_...! __ L_...! __ L_...! __ L_...! __ L_...! __ L_...! __ L_J __ L_l __ L_l __ L_l __ L_l __ L_l __ ' 

1 1 1 1 1 I 1 1 I 1 1 1 I 1 1 I 1 I I I I I I 1 I I I 1 
-~--~-~--~-~--~-~--~-~--~-~--~-~--~-~--~-4--~-4--~-4--~-4--~-4--~-4--' 

1 1 1 I I I 1 1 I 1 I I I I I I 1 1 1 1 1 I 1 -,--r-,--r-,--r-,--r-,--r-,--r-,--r-,--r-,--r-,--r-,--r-,--r-,--r-,--, 
_...! __ L_...! __ L_...! __ L_...! __ L_...! __ L_...! __ L_J __ L_...! __ L_3 __ L_J __ L_l __ L_3 __ L_l __ L_l __ ' 

1 1 I I 1 1 1 I 1 I I I I 1 1 1 1 1 I I 1 
-~ ~--~-~--~-~--~-~--~-~--~-~--~-4--~-4--~-4--~-4--~-4--~-4--' 

1 1 1 1 1 1 1 1 1 I 1 1 I 1 1 I 1 I 1 I 1 I 1 1 ,--r-,--r-,--r-,--r-,--r-,--r-,--r-,--r-,--r-,--r-,--r-,--, 
_...! __ L_...! __ L_...! __ L_...! __ L_3 __ L_3 __ L_3 __ L_3 __ L_3 __ L_3 __ L_l __ L_l __ 1 

1 1 I 1 I 1 1 
-~-~--~-~--~-~--~-~--~-4--~-4--~-~--~-4--~-4--~-4--~-4--~-4--1 

I I I 1 1 1 1 I 1 1 r---'----'---'----L-----'----'-----'---'----'-----'-----'----,~ 

-, - = ~ = = = = ~ = = = = ,- = = = = = = = = = = = = = = = = = __ Specimen 2 .... Specimen 4 
~~;;;;;;~~-~"'-~r?'-':'·~~"':'-"':-~~£'- , - - ~ - -: - - ~ - , - - ~ - ~ _ Specimen 6 Specimen 7 -r - -I 

I 1 1 1 1 I 1 1 1 1 1 1 1 I 1 1 
--r--,--'---,--r-~--~-,--'--'--,--,--,--' ~Specimen 8 --!--Specimen 11,--, 

>- ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ __ Specimen 12 ~ - -: 
L - -1-""1- -r -.., - -1-""1- - r - .. - - r -., - -r -., - -r -"1 '--_-~--"-_-__ -~-~-_-_-_-_---'"T --I 

1 1 I 1 1 1 1 I I 1 1 I 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

u/ L1collapse 

FIGURE C-7 Normalized Spectral Acceleration vs.Residual Displacement 

c -25 



--~ -0 
>. 

;, 
"-' -'" 00 

--~ -0 
>. 

;, 
"-' -'" 00 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

- -,- - -,- - --, - - l" - - T - - r - - r - -,- - -1- - -, - - "'T - - T - - r - -,- - -1- - ""1 - - "1 - - T - - r - - r - -,- - -,- - -, - - l 

I I I I I ! I I I 
- -1- - -1- - -I - - "'T - - T - - r - - ,- - -1- - -,- - """1 - - "T - - T - - r - - 1- - -,- - -I - - - - T - - r - - r - -,- - -,- - 1- - l 

I I I I I I 
- -1- - -,- - -, - - "l - - T - - r - - 1- - -1- - -,- - "1 - - "'T - - T" - - 1- - -I - - "1 - - T - - r - - I - -,- - -,- - -, - - l 

I I I I I I I I I I I I 
I - - .,- - - T - - I - - ,- - -1- - -I - - "1 - - T - - r - - ,- - -,- - -1- - -I - - I 

Specimen Sb • __ L ____ ~ __ J __ ~ __ L_ 
I I I I I 

__ 1 ___ 1 ___ I __ J __ .1 __ L _ 

-~ --e- -:- --:- --: --~ -- ~ --~ --~ --:- --:- --: --~ --~ --~ 
- _1- __ I __ .J __ .1 __ L __ 1 ___ 1 ___ 1 __ ..J __ J. __ L __ L __ 1 ___ 1 ___ I __ J __ 1- __ L_ 

....-Specimen 9 

Specimen lOb 

.....-Specimen 13 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 

U/~collapse 

- -1- - -,- - -1- - --, - - -, - - I - - T - - r - - r - -,- - -1- - -1- - r - - "1 - - T - - T - - r - - I - -,- - -r- - -,- - --, - - -, - - 1 

I I I I I I I I I 
- - 1- - -1- - -1- - --1 - - --I - - -+ - - + - - +- - - t- - - 1- - -1- - -1- - ---1 - - --+ - - + - - + - - +- - t- - - 1- - -1- - -1- - -l - - -I - - -j 

1 1 1 1 1 1 1 
__ 1 ___ 1 ___ 1 __ .J __ J __ --L __ .L __ L __ L __ 1 ___ 1 ___ 1 __ .J __ J __ .J. __ .L __ L __ L __ I- __ 1 ___ 1 __ ..J __ .J __ J 

1 1 1 1 1 1 1 I J 1 1 J I I 
__ 1_ _ 1 I 1 I 1 1 1 1 1 1 I I I I I 1 1 1 II! 1 

1 - -1- - -I - - I - - I - - T - - I" - - I" - - 1- - -1- - -1- - -I - - I - - I" - - I - - I - - 1- - -1- - -1- - -1- - -I - - I - - I 
1 1 I 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 J 1 1 I I 1 

- - 1- - -1- - -1- - I - - '1 - - I - - T - - I - - r - - 1- - -1- - -1- - -I - - '1 - - I - - T - - r - - I - -1- - -1- - -1- - "l - - ! - - ~I 

1 I 1 1 1 1 
- - 1- - -1- - -1- - --j - - -t - - -t - - + - - t- - - t- - - 1- - -1- - -1- - --j - - -t - - -T - - + - - t- - - t- - -1- - -1- - -1- - -! - - -t - - --j 

1 1 I 1 I 
__ 1 ___ 1 ___ 1 __ ---l __ ..--! __ ...l- __ .L __ L __ L __ 1 ___ 1 ___ 1 __ ..J __ J __ .J. __ -L __ 1.. __ 1- __ 1 ___ 1 ___ 1 __ .-I __ J __ --J 

I 1 1 I I I I 1 
__ L __ 1 ___ I ___ I __ .J __ -.l __ l __ L __ L __ 1 ___ 1 ___ [ ___ I __ .J __ ~ __ ..L __ L __ L __ 1 ______ I __ --' __ --.! __ 

I 1 1 1 1 1 1 1 1 I I 1 1 
I 1 I 1 1 1 1 1 I I 1 1 1 

- -1- - - - - - - - - - - I - - - - - T - - I - - I - -1- - -1- - - - - -I - - '1 - - I - - T - - I - - I" - - - - - - - - - - - - - "1 - - -I 

I 
- -1- - -1- - -1- - --j - - -t - - -t - - I - - r - - I - -1- - -1- - -1- - --j - - "i - - -t - - T - - t- - - t- - -1- - -1- - -1- - "1 - - "i - - 1 

I I 1 1 1 1 I J 1 
- -1- - -1- - -1- - --I - - -I - - -+ - - + - - l- - - f..-. - -1- - -1- - -1- - --I - - -I - - -+ - - -+- - - I- - - j...... - -1- - -1- - -1- - -l - - .....j. - - ...f 

1 1 1 1 1 1 1 1 1 1 I 
__ 1 ___ 1 ___ [ ___ I __ .J __ J. __ 1.. __ L __ L __ 1 ___ 1 ___ 1 ___ I __ .J __ .1 __ 1.. __ L __ L __ t ___ 1 ___ 1 __ ~ __ --.! __ J 

I 1 1 I 1 1 1 I 1 1 1 I I 1 I 1 1 I 1 I I 
I I I I 1 1 1 I I 1 1 1 I 1 I I I I 1 I I I 1 

- -1- - -1- - -1- - -I - - I - - I" - - T - - "I - - I - -1- - -1- - - -I - - I - - "I - - T - - I" - - - - -1- - -1- - -1- - I - - I - - -I 

I 1 1 1 1 1 1 I I 1 I 
--, - - -, - - T - - T - - r - - r - - 1- - -1- - -1- - "I - - -, - - 1 

I I 1 I I 1 
- - -+ - - -+ - - + - - l- - - f..-. - - 1- - -1- - -1- - -l - - -+ - - -+ - - + - - -I- - - I- - -1- - -1- - -1- - --l - - --+ - - -1 

1 1 1 1 I 1 1 
__ 1 ___ 1 ___ 1 __ -.J __ -.J __ ..1 __ 1. __ L __ L __ 1 ___ 1 ___ 1 __ -.J __ -.J __ .1 __ 1. __ L __ L __ 1 ___ 1 ___ 1 __ .J __ -.J __ J 

I I I 
1 I 1 1 1 I I 1 I I 1 1 1 1 1 1 1 1 1 1 I 1 I I 

--~--~-~--~--1--1--T--f--f--~--~-~--~--1--1--T--r--fl 

__ : ___ : ___ : __ ~ __ ~ __ ~ __ ~ __ ~ __ ~ __ : ___ : ___ : __ ~ __ ~ __ ~ __ ~ __ ~ __ ~ ""-Specimen 14 [~ 
1 I I 1 1 1 1 I 

0.0 0.1 0.2 0.3 0.4 O.S 0.6 

U/~collapse 

FIGURE C-7 (cont'd) Normalized Spectral Acceleration vs. Residual Displacement 

C - 26 



,-., 

~ ---0 
>. 

> '-' ---'" rJJ. 

6 -1- r -r - r - r - r -r -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--1 

-I-- -I- -I- -I-- -I-- -I- -I- -1- -1- -1- -1- -I-- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--1 
_ L _ L _L _1 __ 1 __ L _L _1 __ 1 __ 1 __ 1 ___ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 

I I I I I I I I I I I I I I I I I I I I I I I 
- - -1- -1- -1- -1- -1- -1- -1- -1- - - -1- -1- -1- - - -1- -1- -1- -1- -1- -1-

-1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--1 

5 -1- -1- -1- -1- -1- -1- -1- -1- -1 __ 1 __ 1 __ 1 __ 1_ -1- -1- -1- -1- -1- -1- -1 __ 1 __ 1 

4 

3 

2 

o 

_1- _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1_ _1 __ 1 __ 1 __ 1_ _1 __ 1 __ I __ 

I I I I I I I I I I I I I I I I 
-1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--1 

-1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--1 
_1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ L _1 __ 1 __ 1 __ 1 __ 1 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 I I 
-1--1--1--1--1--1--1--1--1--1-- -1--1--1--1----1--1--1--1--1--1--1--1- -1- -1--1--1--1-

- r - r -, - r -r - r -, -1- -1- -1- -, - -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--1 

'

=i:1XEl~~~~±ffrrTI:Ttt:tt0=-I--1 _1- _1 __ 1 __ 1 __ 

1 I 1 1 1 1 1 1 
-1- -1- -1- -1- -1- -1- -1- -1- -1- - - -1- -1- -1- -1- - - - - -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--

0.0 

- t- -t- - t- - t- - j- - I- -t- -1- -1- -1- -I- -1- -1- -1- -1- -1- -1- -1- -1- -[- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--1 
_ L _L _ L _ L _ L _ L _1 __ 1 __ L _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 

II _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1_ 1 _1 __ 1 __ 1 __ 1 __ 1 __ 1_ 1 

1 1 1 I 1 1 1 I 1 I 1 1 1 I 1 1 1 1 1 1 1 
, - , - 1- - j- - 1- - 1- - 1- - 1- - 1- - 1- - 1- - - - 1- -1- - 1- -1- 1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -I 

I- -I- -1- -1- -1- -1- -1- -1- -1- -1- -1- - -1- -1- -1- -1- -1_ -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--1 
_ L _ L _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 ___ 1 __ 1 ____ 1 __ 1 __ 1 ____ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 

1 1 1 1 1 1 1 1 
-1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--

~~2~t::;;:::=t=~~':""-:-::-:~~: -I- -1- -1- -1- -1- - -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -I 
'- _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1_ -1 __ 1 __ 1 

___ 1 ______ 1 __ 1 __ 1 __ 1 __ 1_ _1 __ 1 __ 1 __ 1 __ 1 __ I __ 

1 1 1 1 1 1 I 1 1 1 1 1 
-1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--1 

- f- - f- -f- - f- -1- -1- -1- -f- -1- -1- -1- -1- -1- - -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--1 
_ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 ____ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ I 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 I' , -1- -1- -1- -1- -1- -1- -1- -1- -1- 1 1 -1- -1- -1- 1 -1- -1- -1--1 

I -I&- - r - r -, -1- -1- -1- -, -r -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -1--1 

0.2 0.4 0.6 

-+-Specimen 1 _ Specimen 2 
- Specimen 6 Specimen 7 

Specimen 10b -+-Specimen 11 
"~'> Specimen 14 

0.8 1.0 

....... Specimen4 
=lj\,&~ Specimen 8 
_ Specimen 12 

1.2 

.& Specimen 5b 
---Specimen 9 
~ Specimen 13 

1.4 

FIGURE C-7 (cont'd) Normalized Spectral Acceleration vs. Residual Displacement 

c - 27 



.-
~ -0 

>. ;;, 
'-' -'" rI1 

4.0 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

6 

5 

4 

2 

o 

- 'I - -1- - I - -1- - T - -1- - r - -, - - r - ., - -1- - T - -1- - T - -1- - r - ""1 - - r - ., - -1- - 1" - -1- - T - -1- - r - -, - - r - ., 
- ---! - -1- - -+ - -1- - + - -1- - l-- - -I - - \- - -I - -1- - + - -1- - + - -1- - +- - -I - - !- - --I - -1- - + - -1- - +- - -1- - f- - --I - - I-- - -I 
_ ..J __ 1 __ ..1 __ 1 __ 1. __ 1 __ L _ .....J __ L _ ..J __ 1 __ ..1 __ 1 __ 1- __ 1 __ L _ ..J __ L _ ..J __ 1 __ ..1 __ 1 __ 1- __ 1 __ L _ ..J __ L _ .J 

_ J __ 1 __ J. __ 1 __ J.. __ 1 __ !... __ I __ 1 __ ...! __ 1 __ 1 __ 1 __ 1 __ 1 __ !... _ J __ 1 __ ...! __ 1 __ 1 __ 1 __ !.- __ 1 __ ~ __ I 1 ___ I 

I I I I I I I I I I I I I I I I I I I I I I J I 
- I - -1- - I - -1- - T - -1- - r - -I - - r - "1 - -1- - "I - -1- - T - -1- - I - -I - - - - - - - - I - -1- - r - -I - - 1- - -I 

- -j - -1- - -t - -1- - t- - -1- - t- - -1 - - t- - -t - -1- - --t - - - - -j - - t- - -t - -1- - 1- - -1- - t- - -1- - r - ""1 - - t- ---t 
__ 1_ _ _ _ 1 __ -l. __ 1 __ .j... __ 1 __ l- _ -l __ ~ _ -l __ 1 __ -+ __ 1 __ .j... __ 1 __ I- _ --l __ L _ -I 

____ L __ I __ 1 __ J __ 1 __ 1 __ 1 __ 1. __ 1 __ L _ ~ __ 1 __ J __ 1 __ .! __ 1 __ 1 __ 1 __ L _ J __ 1 __ J 
1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 

~--r-l--r-T- -r- -r-l--r-l--r-T----r-~--r-l--r-l 

- i - -1- - r - --, - - r - '1 - - 1- - I -1- - i - -1- - r - --, - - r - ., - -1- - I - -1- - r - -1- - r - ..., - - r - 1 

- --! - -1- - -+ - - + - -1- - +- - -l - - I- - --l - -1- - -+ - -1- - + - -1- - +- - --! - - !- - --! - -1- - -+ - -1- - + - -1- - I- - -l - - 1- - -l 
_..J __ 1 __ .1 _ 1 __ 1. __ 1 __ L __ 1 __ 1 __ .J __ 1 __ ~ __ 1 __ 1. __ 1 __ L __ 1 __ L _.J __ 1 __ ..l. __ 1 __ L __ 1 __ L _.J __ L _ J 

1 I 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 I I I 1 1- -1- - 1- - I - -1- - I" - -1- - T - -1- - I - -I - - 1- - I - -1- - I" - - I" - -I - - I" - -I - - r- --I 

-1- - T - -1- - r -1- - r -., - -1- - T - -1- - T - -1- - I - ,- - r -..., - -1- -"T - -1- - T - -1- - r - -, - -r -., 
-1- - + - -1- - t- - -; - - I- - -t - - 1- - -+ - -1- - + - -1- - t- - --t - - I- - --t - -1- - -+ - -1- - + - -1- - t- - --t - - 1- - -t 

__ 1 __ 1. __ 1 __ L _ ..J __ L _ ..J __ 1 __ .1 __ 1 __ 1. __ 1 __ L _ ..J __ L _ ..J __ 1 __ -1 __ 1 __ 1.. __ 1 __ L _ ..J __ 1 __ J 

J. ____ 1 __ 1 __ !... __ I __ '--- _ _ _ 1 __ .1. __ 1 __ 1 __ 1 __ L _ ---' __ 1 __ J __ 1 __ J. __ 1 __ 1 __ 1 __ L _ J __ 1 __ J 
1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 

"I - -1- - T - -1- - r - -I - - 1- - I - - 1- - I - -1- - T - -1- - r - I - - 1- - I - - 1- - I - -1- - T - -1- - r - -I - - 1- - -I 

- 1 - -1- - i - -1- - t- - -j - - r - ""1 - - 1- - 1" - -1- - i - -1- - t- - --j - - I - ""1 - -1- - 1 - -1- - i - -1- - r - "1 - - I - 1 
- --1- __ 1 __ -I- __ 1 __ J- _ ......r __ ~ _ -I __ 1 __ -l- __ 1 __ -I- __ 1 __ J- _ ..J __ ~ _ -I __ 1 __ --1- __ 1 __ -1-. __ 1 __ I- _ -l __ I- _ --l 

_ 1 __ 1 __ 1. __ 1 __ L __ I __ 1 __ .J __ 1 __ 1 __ 1 __ 1- ____ L __ I __ L _ ...! __ 1 __ 1 __ 1 __ l.. __ 1 __ L _ -' __ L _ J 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I I I 1 

-r-~--r-l--r-T- -r-~--r-l--r-l- -T-~--r-~--r-l--r-l 

1- - -r - -1- - T - -1- - r - --, - - r - "1 - -1- - "T - -1- - T - -1- - r - --, - - r - ..., - -1- - I - -1- - T - -1- - r - ..., - - r - -, 
1- - -+ - -1- - + - -1- - -I- - --I - - I- - --! - - 1- - -+ - -1- - + - -1- - I- - --l - - I- - --! - -1- - -+ - -1- - + - -1- - I-- - --! - - I- - -l 
__ .1 __ 1 __ 1. __ 1 __ L _ -.J __ L _ ..J __ 1 __ .1 __ 1 __ 1.. __ 1 __ L _ -' __ L _ ..J __ 1 __ .1 __ 1 __ L __ 1 __ L _ ..J __ 1 __ J 

1 I 1 I 1 1 __ '--_...! __ I __ ~ __ I __ l __ I ____ I __ I __ ...! __ I __ i __ I __ .'.. __ I __ ~_-' __ I ___ 1 
- 1- - I - -1- - T - -1- - "I - 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 
-1- - "I - -1- - T - -1- - r - -I - - r - "1 - -1- - I - -1- - T - -1- - I - I - - r - "1 - -1- - T - -1- - T - -1- - r - -, - -1- - l 

- -1- - -+ - -1- - + - -1- - t- - -; - - t- - -t - -1- - -+ - -1- - + - -1- - t- - --1 - - I- - -t - -1- - -+ - -1- - t- - -j - - t- - --1 - - 1- - -l 

- 1 = =:= = ~ = =:= = + = -1- = ~ = ~ = = ~ = ~ = =:= = f = -1- = + = =: = = ~ = ~ = = ~ = ~ = =:= = { = =:= = + ~ -+-Specimen11 
- ""1 - - 1- - 1 - -1- - T - -1- - I - -I - - 1- - 1 - -1- - T - -1- - T - -1- - I" - -I - - 1- - 1 - -1- - 1 - -1- - T - -1- - r - ""1 - - 1- - -I 

-1--1--1- -1- -, - -1-- r--""1- -1-""1 --1--1 - -1- - T - -1- - t" - "1--r- -""1 - -1- -1- -1- - i - -1--r--I--I--"1 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

- I - - r - -1- - r - -1- - r - -1- - T - -1- - T - -1- - T - -1- - T - -1- - "'T - - 1- - I - - I - "1 - - r - -, - - r - , - - I - ! - - r - -I 

- ~ - - ~ - -: - - ~ - -: - - } - -: - - t - -:- - t - -:- - ~ - -:- - f - -:- - f - -:- - ~ - - :- - ~ - - 1 _ Specimen 2 --: 
- -; - - j- - -; - - 1- - -1- - 1- - -1- - t- - -1- - t- - -1- - T - -1- - "'t - -1- - -t - -1- - - - r- - -t - - - -t 

- -:- - ~ - -:- - T- - -:- - T- - -:- - t - -:- - + - -:- - + - -:- -+ - -:- - -T - - -:- - ~ - _I ~Specimen 4 --: 
-~--~--:--~--:--~--:--~--:--~--:--.j.--I--.j.- , -Specimen 6 -~ 

= ~= = ~ = ~= = ~ = =:= = ~ = =:= = ~ = =:= =: = ---.L __ 1_ = i = =:= = i = =',= = i = =~ = i = ='''~?Specimen 7 = ~ 
- ~- - ~ - ~- - ~ - -1- - to - -:- - ~ - -:- - - -1- - T - -,- - T - -:- - ~ - -,- - 1" - -r- - 1" - -' ~Specimen 8 -~ 
- ~- -~ - -:- - ~ - -:- - ~ - -- -+ - -+ - -:- -+ --:- -+ - -:- -+ - -:- - ~ - -~ - ~ - -' -+-Specimen 11 --: 

1 1 1 1 , " 1 1 1 , 1 - Specimen 12 ---; 
--1--1--1--1- 1 -T--I--I--I--I--I--I--I--l--I--I--I--l--I---I--1 II 
_ ..J __ L __ 1 __ L __ 1 __ L _ _ L __ 1 __ .L __ 1 __ .i __ 1 __ -1 __ 1 __ .1 __ 1 __ ...1 __ L _ ..J __ L _ ..J __ L _ ..J __ L _ .J __ L _ ...J 

I 1 1 1 1 1 I 1 1 1 1 
- - T - -1- - T - -1- - T - -1- - .,. - -1- - ""1 - -1- - "1 - - r - ., - - r - ..., - - r - ..., - - r - .., - - r - ....., 
__ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1_ _ -.1 __ 1 __ J __ 1 __ .J __ L _ ~ __ L _ -' __ L __ 1 __ L __ I 

1 1 1 I 1 1 1 1 I I 1 1 I 1 I 1 I 1 
-+--~-+--~-+--~-+--~-+--~-+--~-+--~-+ 

I I I I 1 1 1 1 1 I I 1 1 I I 1 I 
-r----T----T--r-l r-l--r-l--r-l--r-l--r-l--r-l 

----~--~-~--~-~--~-~--~-~--~-~ 
1 1 1 I I I 1 I 1 J 1 1 1 1 

"""..o!Jt:::~~Iif~±;:::1II~~_:= = ~ = =:= = ~ = =~ = ~ = = ~ = ~ = = ~ = ~ = = ~ = ~= = ~ = =: I 1 1 1 1 1 I I I 1 1 1 I I 
-j---j--t---I 

I 1 I 1 
1 l--r-l--r-l--f--

-~--~-~--~-~--~-~--~-~--~-~ 
I I 1 1 1 1 1 I 1 1 I 1 1 I 

1 -r-T--r-T--r-T--r-'--r-'--r-,--r-~--r-~ 
__ 1 __ L __ 1 __ L __ 1 __ L __ 1 __ 1- __ 1 __ .1.. __ 1 __ .1 __ 1 __ .1 __ 1 __ .J __ L _ ..J __ L _ ..J __ L _ -' __ L _ -' __ L __ I 

1 I 1 I I 1 r 1 1 1 1 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

FIGURE e-8 Normalized Spectral Acceleration vs. Normalized Ductility 

c -28 



1.8 

1.6 

1.4 

1.2 

--~ 1.0 
-0 

>. 
;;... 
'-' 0.8 -'" rF1 

0.6 

0.4 

0.2 

0.0 

1.8 

- r - T - ~1 - -1- -1- -1- - I - T - T - "l - -1- -1- -1- - r - r - T - "1 - -1- -1- -1- - r - T - 1" - "1 - -1- -1- -1- - r - T - T - ""1 - -I 

I I I I I I I I I I 
- r - -t - ---t - -1- -1- -1- - t- - r - -t - ---t - -1- -1- -1- - t- - t- - 1" - --t - -1- -1- -1- - t- - T - 1- - ---t - -1- -1- -1- - t- - 1- - 1- - ---t - -

I I I I I I I I I I 
_ .!- _..L _ -I __ 1 __ 1 __ 1 __ 1- _ -i- _ ...\- _ -I __ 1 __ 1 __ 1 __ 1- _ .j... _ -I- _ -I __ 1 __ 1 __ 1 __ I- _ .)... _ ..L _ -I __ 1 __ 

I I I I I I I I I I I I I I I I I I I I I I I 
_ .L _ -L _ -.J __ 1 __ 1 __ 1 __ L _ 1. _ 1 _ .J __ 1 __ 1 __ 1 __ L _ 1. _ 1 _ .J __ 1 __ 1 __ 1 __ L _ 1- _ 1 

I 
_ 1 __ ~ _ !.. _ J. _ ...! __ I_ 

I I I I I 

I I I I I I I I 
-i-i-I- - -1- - 1- - 1- - f - T - 1 - -I - -1- - 1- - 1- - 'I - T - "1 - -I - - -r-r-r-T-l-~----r-r-r-T-l-

I I I I I I I 
-,--i-,

I 

- -1- -1- -1- r -,. - t - -1- -1- -1- - r - r -1-"1 - - -1- -1- - r -'-1-"'- -1- -1- -1- - -1- T -I-

I I I I I I I I I I I I I I I I I 
- +- - -l- - --I - - -1- -1- -)- - t- - +- - + - -I --) 

I I I I I I I I I 
_ L _ ..L _ .J _ _ _1 __ 1 __ L _ L _ .1 _ -I __ 1 __ 1 __ 1 __ L _ .l. _ _ _1 __ 1 __ 1- _ L _ ..1 _ ---l __ 1 __ 1 __ 1 __ L _ L _ ..1 _ ---l __ I 

I I I I I 1 1 1 
_ 1 _ 1 _ ---' ______ 1 __ L _ 1.. _ 1 _ J __ I __ 1 __ 1_ _ ---' __ I ______ L _ 1 _ 1 _ J ______ 1 __ L _ 1 _ 1 _ J __ I 

I I 1 I 1 1 I I I I 1 I 1 I " 
I I 1 1 1 I 1 I I I I I I I I I I 1 1 

- "I - "I - I - -I - -1- - 1- - - - 1 - "I - I - -I - 1 - 1- - 1- - 1 - "I - - - - - - - - I" - 1 - "I - I - -
I I 1 1 1 I I I I I I 1 I 1 I I 1 1 1 1 1 1 I 1 I", 1 

- I - "T - I - -1- -1- -1- - I - T - "T - I - -1- -1- -1- - r - T - "T - "1 - -1- -1- -1- - I - T - I - I - -1- -1- -,- - r - T - "T - I - -, 

I I 

- J - 1" - "1 - -1- -1- -1- - I - T - 1" - "1 - -[ - -1- -1- - I - T - 1" - "1 - -1- -1- -1- - I - T - 1" - "1 - -I - -I 

I 1 1 I 1 1 
- +- - -+ - -.-1_ -1- -1 __ 1 __ I- _.j.. _ -+ _ -.-1_ -1- -1- -1- -I- -.j.. -.-I- - -I - -1- -1- -1 __ I- -.j.. -.-I- - -1- -1--1 

• Specimen 5b 
I I 1 I 1 1 1 I I I I 1 I 1 1 I I 1 1 1 1 1 I I I I 

_ L _ .1 _ --.l __ 1 __ 1 __ 1 __ L _ 1 _ .1 _ -.J __ 1 __ 1 __ 1 __ L _ 1- _ .1 _ .J __ 1 __ , __ L _ L _ 1- _ .1 _ ..J __ I __ I ..... Specimen9 
I I 1 I I 1 I 

_L_l_J ______ L_L_L_l_J_J_ _L_L_L_l_ __L_L_l_J ___ _ 
I I 1 I I 1 I I 1 1 1 1 1 I I 1 

.. Specimen lOb 

- ~ - + - ~ - -:- -:- -:- - ~ - ~ - + - ~.,:,~k~t~T"U'~';- -1- -'~~ - + - ~ - -:- -:- -:- - ~ - ~ - + - ~ - -:- -: "'-Specimen 13 
I I 1 1 I > ",' I 'I" I I I I I 1 1 I I 1 I I 1 I II'---~ __ --'C ______ -' 

- ,..- - I" - ., - -1- -1- ~ ,- - r - T - I" - ., - -1- -1- -1- - r - T - I" - ., - -1- -1- -1- - r - T - I" - "1 - -1- -1- -1- - r - T - -r - "1 - -I 

I I 1 1 1 I I 

0.0 0.2 0.4 0.6 0.8 

- T - I - I - -1- -1- - r - T - I - I - -I - -1- - r - ,... - T - I - -1- -1- - r - T - I - I - -1- -,- - r - r - T - I" - 1- -,- - r - r - l 

, I I I 1 1 [ I I I" I 'I 1 I I I I , I I I 1 I I 
- t- - -t - ---j - -1- - 1- - t- - t- - -t - ""i - -I - -1- - t- - t- - -t - ---j - -I - -1- - I - t- - -t - ---j - -I - - 1- - I- - t- - -t - ---t - ----t - -1- - I- - t- - l 

1 I 1 I 1 1 I 1 I 1 1 1 I I I I 1 I I 1 I I , 1 , I I 
1.6 - +- - -+ - --l - -1- -1- - I- - +- - -+ - --l - -1- -1- - I- - -I- - + - --l - -1- -1- - I- - +- - + - --l - -1- -1- - I- - +- - + - -I - --1- -1- -I- - I- - -i 

1.4 

1.2 

~ _ 1.0 
o 
>. ;;... 

.::::::' 0.8 
'" rF1 

0.6 

0.4 

0.2 

0.0 

I I I 1 I I I I I I 1 I I 1 I I' 1 I 1 I , I I 
_ L _ ...l _ ...J __ 1 __ , __ L _ L _ ...l _ ---l __ 1 __ 1 __ L _ L _ ...l _ ...J __ 1 __ 1 __ L _ L _ ...l _ ..J __ 1 __ 1 __ L _ L _ .1 _ ..J _ -1 __ 1 __ L _ L _ J 

I I 'I I' I 1 I 1 I I I I 1 I I I I! I , 1 I I 1 
_ 1. _ J. __ I __ , __ L _ L _ 1. _ J. _ .J __ 1 __ 1 __ L _ .L _ 1. _ .J __ 1 __ 1 __ L _ L _ 1. _ .J __ 1 __ 1 __ L _ .L _ .1 _ .J __ , __ 1 __ 1 __ L _ J 

I I I , 1 I lit , 1 I 1 I I I 1 I 1 I I I I , 1 t , , 1 I 1 , 
I I I I I 1 , I 1 1 1 I I I I I I I 1 I" 1 , 1 1 1 , 

-, -1- -1- -1- -1-1-1-"1- -,- -1- -1- -1-1-"1- - - -,- -1- -1-1-"1- -1- -1- -'-1-"1--,- -,- -1- -,-

I I I I I I I I I 1 1 I , I I 1 I I I I I 1 I I 1 1 1 , , 1 1 1 
- T - I - """1 - -,- - 1- - I - T - I - "1 - -1- -,- - I - T - T - """1 - -1- -1- - 1- - T - T - "1 - -1- -1- - I - T - T - "1 - -, - -,- - 1 - I - -I 

I I I 
- T - .,. - ""1 - -1- -1- - r - T - l" - ""1 - -1- -1- - r - r - T - I - -1- -1- - r - r - T - -, - -1- -1- - r - r - T - -, - ---, - -1- - r - r - 1 

I I I I I 1 I 1 I , I I I I , I I I I I I I I , , , 1 I I , , 
- ,- - -t - ---i - -1- -1- - f-- - +- - -t - -I - -1- -1- - j- - +- - + - -I - -1- -1- - I- - t- - -t - -I - -1- -1- - I- - t- - + - --t - ---t - -1- - I- - t- - l 

I I I I 1 , I I , I I I I I I 1 I I I I I I , I I , , 1 1 , , 1 
_ +- - --l- - ......j - -1- -1- _ 1- _ +- _ --l- - ......j - -1- _1 __ I-- _ +- - -+ - ---l __ 1 __ 1 __ ~ _ -l- - --l- _ ......j __ , __ 1 __ I-- - .I- _ --I-- _ -l- _ -I __ , __ ~ _ -I- _ ...j 

1 I 1 1 
_ L _.1. _...J __ 1 __ 1 __ L _ L _.1_.J __ 1 __ I __ L _.L _.1_..J __ 1 __ 1 __ L _ L _.1_..J __ , __ 1 __ L _ L _ .1_...1_ ..J __ I __ L _ L _ J 

I 1 1 1 
_ 1 _ 1 _ ~ _ _1 __ L- _ 1 _ 1 _ ~ __ 1_ _ '- _ l. _ 1 _ ~ __ 1 ____ , __ !.. _ 1 _ ~ __ 1 ____ 1 __ L _ J.- _ J __ I __ 1 __ , __ L _ 

1 1 I 1 1 , I I '[' I 1 I' I 1 I I , 1 I I , I I 
1 1 1 I I 1 I I I , I 1 1 I I' 1 1 I I I 1 ) 1 'I 1 

- T - I - -I - - - -1- - 1 - T - I - "I - -I - -1- - 1- - "I - I" - "I - -I - - 1- - 1 - I" - "I - -1- -,- - 1- - "I - 1 - "I - -, - - ,- - "I - -I 

I I I , 1 1 I I 1 I 1 I 1 1 I 
- T - "1 - """1 - -1- -1- - r - T - 1" - """1 - -1- -1- - I - I - l" - """1 - -1- -,- - I - T - "T - I - - - - - T - I" - -1- -,- -I - r - l 

1 I I 1 I I 
- i - -t -""1- -1- -1- - r-- -I"-I-""i - -1- -1- - r-- -1- -t -""i - -1- -,- -I- - 1" -""1- -1- -1- -I- - t- - T - -t - ----t- -1- -j- - t--1 

I I , I 1 I 1 1 I I I 1 1 1 I I 1 I J I 
- + - -+ - -1- -1- -1- -I-- - +- - -+ - -1- -1- -1- -I-- - +- - -+ - -1- -1- -1- -I- - +- - + - -1- -1- -1- -I- - +- - + - -1- --1- -1- -f- - +- --I 

I I 1 1 I 1 1 , I , I I , I I 1 , I I I I 1 1 1 I I 1 I I 1 1 I 

- ~ - ~ ~ - -: - -:- - ~ - ~ - ~ - ~ - -: - -:- - ~ - ~ - ~ - ~ - -: - -:- - ~ - ~ - ~ - ~ - -: - -:- - ~ - ~ -.r.-Specimen 141~ -~ 
_L_~_~_~ __ L_L_L_~_~_~ __ L_L_L_~_~_~ __ L_L_L_~_~_~ __ L_L_J L_J 

1 1 1 I I 
I I I 

0.0 0.2 0.6 0.8 

FIGURE C-8 (cont'd) Normalized Spectral Acceleration vs. Normalized Ductility 

C - 29 



6 

5 

4 
,-., 

~ 
---c 

3 >. 
;;, 
'-' ---eo 
rJ:J 

2 

o 

(e) Sa/(Vyo/W) vs. f..l/f..ls - all specimens 

~ I - - r - -, - - r - "1 - - r - I - - 1- - I - - ,- - -, - - 1- - "'T - -,- - "l - - 1- - "'T - -,- - -,- - -1- - "'T - -,- - T - -,- - T - -,- - T - -I 
_ ..J __ L _ ..J __ L _ ...J __ 1 __ .J __ , __ J __ , __ .J __ L _ .J __ , __ .J __ L _ ...l __ , __ .J __ 1 __ .1 __ , __ .! __ , __ -.l __ 1 __ ..L __ , 

I I I I I I I I I I I I I I I 
- - 1- -1 - -1- - -t - -1- - -t - -1- - -r - -1- - I" - -1- - -t - -1- - "'t - -1- - I - -1- - T - -I 

_ , __ J __ , __ J __ 1 __ J __ , __ 1 __ 1 __ ...!. _ _ ...! __ 1 __ 1. ____ J. _ _ 1. __ 
I I I I I I I I I I I I I I I 

1- - -t - - 1- - -t - -1- - -t - -1- - -t - -1- - -j- - -1- - -t - -1- - -t - -1- - -t - -1- - -t - -1- - + - -1 

I I I I I I I I I I I I I I I I I I I I 
"1- -,- -1- -1- -1- -,- -1- -,- -1- -,- -1"- -,- -1- -,- -1"- -,- -1"- -1- -1- - T --

I- _ --I _ - I- - --I - - 1- - --I - -1- - --I - - 1- _ --I - _1_ - --I - - 1- - --I - -1- - -+ __ 1 __ ...j. __ 1 __ --I - _1_ - -l- __ 1 

I I I 1 I I I I I I I I I I I I I I I I I I I 
- - ,- - "I - - ,- - I - - ,- - I - -,- - 1 - -,- - I" - -,- - I - -,- - 1 - -,- - "1 - -,- - 1 - -1- - T - -1- - T - -I 

_.J __ L_.J __ -l __ L _.J __ 1 __ -l __ L _ -l __ 1 __ ..1 __ 1 __ .J __ 1 __ .1 __ 1 __ .1 __ 1 __ .1 __ 1 __ .1 __ 1 __ .1 __ 1 __ .1 __ 1 

I 

0.0 

1 1 1 1 1 1 
- I - - r - I - - r - ., - - r - ., - - 1- - I - - ,- - "1 - - 1- - 1 - - 1- - "'T - - 1- - .,. - -1- - 1 - -1- - T - -1- - T - -I 

__ ~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~_ _ _____ ~ __ 
1 I 1 1 

- --; - -1- - i - -1- - i - -1- - i - -1- -""t - -1- -""t - -1- -""t - -1- -""t - -1- - 1- --I 

___ 1 __ J __ 1 __ J __ 1 __ J __ 1 __ J __ 1 __ J __ 1 __ J ____ J __ 1 __ i _ _ .!. __ 1 __ i __ 1 __ 1 __ 
1 1 1 1 1 1 1 I 1 I 1 1 1 1 1 1 1 1 1 1 1 1 

- ...., - - r- - ...., - - 1- - --I - - 1- - -! - -1- - --I - -1- - -+ - -1- - -+ - -1- - -+ - -1- - -+ - -1- - -+ - -1- - -+ - -1- - -+ - -I 

,~'111;... ........ "!'I.,1 1 _+ __ : __ +_ _+ __ 
--I - - !- - --I - -1- - --I - - 1- - --+ - -1- - -l- - -1- - --+ - -1- - --l- - -1- - -l- __ 1 __ -l- - -1- - -I- - -I 

1 I 1 1 1 1 1 1 I 1 I 1 1 1 1 I 1 1 1 1 
1- -""1- -1- -""1- -1- -""1- -1- -1- -1- -1- -1- -1- -1- -1- -1- -"1- -1- -"1- -1- - T --I 

_ L _ -l __ 1 __ -l __ 1 __ ..l __ 1 __ ..l __ 1 __ .1 __ 1 __ .1 __ 1 __ .1 __ 1 __ .1 __ 1 __ .1 __ 1 __ .1 __ I 

*~ ..... .,1pIIII 1 I 1 I 1 

0.2 0.4 

~Specimen 1 
.t. Specimen 5b 

~'Specimen 8 
--+-Specimen 11 

; """"Specimen 14 

-., - -1- -., - -1- -"'T - -1- -1- -1- -"'T - -1- -"'T - -1- - T - -1- - T --I 

_ J ____ i __ 1 __ .!. ____ 1 __ 1 __ 1. __ 
1 1 1 1 1 1 1 I 

-"'"P'P""" ", -t - -1- - -t - -1- - -+ - -1- - -+ - -1- - -+ - -1- - -+ - -1- - -+ - -1- - -+ - -I 

1 1 1 1 I 1 I 1 I 1 1 1 
-1- -1- -1- -1- -1- -1- -1- -1- -1- -1- - - -1--

0.6 0.8 

-Specimen 2 
_Specimen 6 
---Specimen 9 
- Specimen 12 

1.0 1.2 

~Specimen4 
~,-" Specimen 7 

Specimen 1 Ob 
-.-Specimen 13 

1.4 

FIGURE e-8 (cont'd) Normalized Spectral Acceleration vs. Normalized Ductility 

C - 30 



--~ 
---0 ... 
;, 
'-' ---(\I 00 

--~ 
---0 ... 
;, 
'-' ---(\I 00 

4.0 

3.5 

3.0 

(a) Sa/(Vyo/W) vs. UJUrel-max (8:::;0.1) 
-"T - -1- -,- - T -1- -,- - r -.,- - -,- -, - T -1- -1- - 1-1- -,--, - T -'1- -1- - 1-1- -1- -, - T -1- -,- -1- 1--[ 

- -+ - -1- -1- - + - --l - -1- - I-- - -+ - -1- - I- - + - --l - -1- - I-- - -+ - -1- - I- - + - -I - -1- - I-- - -+ - -1- - I- - + - --l - -1- - f- - -f - -I 
_ ..1 __ 1 __ 1 __ .L _ ~ __ 1 __ L _ ...1 __ 1 __ L _ i _ ~ __ 1 __ L _ .1 __ 1 __ L _ 1. _ ..J __ 1 __ L _ .J __ 1 __ L _ 1. _ ..J __ 1 __ L _ J __ I 

I I I I I I [ I I I I I I I I I I I I I I I I I I I I I 
- I" - -,- -,- - T - "I - -1- - I" - I" - -1- - ,- - T - -, - - 'I - "I - -1- - ,- - I - "I - -1- - I" - - - - - - - - -, - -,- - I" - I - -I 

- I - -, - -,- - T - -, - -1- - r - .,- - -1- - r - T - 'I - -,- - r - "1 - -,- - "1 - -,- - r - T - "I - -,- - T" - "1 - -, 

- -+ - -I - -1- - + - -l - -1- - t- - -t - -1- - f- - + - -I - - I-- - + - --l - -1- - t- - -+ - -1- - I- - -+ - -i - -1- - +- - -t - -I 
_ ~ _ .... _ ..J __ 1 __ L _ J __ 1 __ L _ 1- _ ..J __ 1 __ L _ J __ 1 __ L _ .1 _ ..J __ 1 __ L _ J __ I 

I I I I I I I I I I I I I I I I I I I - ,- - "[ - "I - -1- - 'I - "I - - 1- - 1 - -I - - 'I - I" - -1- - 1- - 1 - -I - -1- - I - I" - -
T - ""1 - -1- - r - I - -1- - 1- - T - 1 - -1- - r - "1 - -1- - 1- T - 1 - -1- - r - I - -1- - r - T - --, - -1- - , - "1 - -I 

-1- - + - --I - -1- - I- - -t - -1- - r- - + - --I - -1- - t- - -+ - -1- - r- - + - .-; - -1- - t- - --+ - -1- - r- - + - .-; - -1- - t- - -I - -I 
1 __ I- _ .L _ -l __ 1 __ L _ -1 __ 1 __ I- _ .L _ .J __ 1 __ L _ J __ 1 __ I- _ .L _ .J __ 1 __ L _ J __ 1 __ L _ ..L _ ...J __ 1 __ L _ J __ I 

_1 __ .!... _ J __ 1 __ L _ 1 __ 1 __ 1 __ .!... __ I __ 1 __ !... _ ...!. __ 1 __ 1 __ .!... _ ....! _ _ !... _ ...!. _ _ 1 __ 1. __ I __ 1 __ !... _ J __ I 

2.5 - 1 1 1 1 I 1 1 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 
- T - I - -1- - r - '1 - -I - - 1- - T - I - -1- - 1 - 1 - -I - - 1- - T - -I - -1- - r - "1 - -1- - r - T - --, - - 1- - , - "1 - -I 

2.0 

1.5 

1.0 

0.5 

0.0 

6 

5 

4 

3 

2 

o 

- -t - -1- - t- - -t --1- -f- - t- - -t - -1- - t- - --+ - -1- -f- -t- - -1- -1- - t- ---+ - -1- -I- - T - -1- -1- - t- - -1--1 
_ -l __ 1 __ L _ J __ 1 __ L _ .L _ .J __ 1 __ L _ J __ 1 __ I- _ 1.. _ .J __ 1 __ L _ J __ 1 __ L _ ..L _ ...J __ 1 __ L _ J __ I 

_l_J_ _L_l_~ __ L_l_J __ L_L_l_~ __ L_!_J __ L_L_l_~ __ L_!_J __ L_L_J __ ' 
1 1 1 1 I 1 1 I 1 I I I 1 1 1 1 1 1 1 1 I I I 1 ) 1 

1- - T -1- -1- - r -1- -1- -1- - T -1- -1- -1- [- -1- -I--T -1- -1- -1-1- -1- -, - T - -,- -1- -1-1--1 
-1- - t- - -t - -1- - [- - 1- - -1- -:- - -r- -j- -1- - t- -1- -1- -I - T - 4--1- - t--I- -1-- r--i- -j- -1- - t- -1--1 

__ 1 __ -l- _ ---J __ 1 __ I- _ ..L __ 1 __ l...-.- _ .L _ ---J __ 1 __ L _ -l- __ 1 __ I- _ .L _ -I __ 1 __ L _ -l- __ 1 __ I-.- _ --l- _ ...J __ 1 __ L _ -I. __ I 

_1 __ 1 __ l_J __ 1 __ L _J ____ 1 __ 1-_ J __ 1 __ L_ J. __ 1 __ 1 __ 1_ J __ 1 __ L _ J __ 1 __ L_l __ 1 __ 1 __ L_ J __ I 
1 1 1 I 1 1 I 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 I I 1 1 I 

-1- -1- - T - "I - -1- - 1 - 1 - -1- - 1- - T - -I - - - - I - "I - -1- - 1- - T - I - -1- - 1 - "I - -1- - 1- - T - -I - -1- - f - "I - -
- -1- -1- - t- - I - -1- - r - 1 - -1- - r- - ;- - "4 - -1- - t- - 1 - -1- - r- - T - "4 - -1- - t- - 1 - -1- - [- - T - -j - -1- - r - "i - -I 
__ 1 __ 1 __ -l- _ ---J __ 1 __ l- _ ...l __ 1 __ l...-.- _ .J.. _ ---J __ 1 __ L _ -l- __ 1 __ I- _ --l- _ .J __ 1 __ L _ -l- __ 1 __ I-- _ .J.. _ ...J __ 1 __ .l- _ -I. __ I 

_1 __ 1 __ 1. _ -.1 __ 1 __ L _ J. ____ 1 __ 1.- _..J __ 1 __ L _ J. __ 1 __ 1 __ 1. _..J __ 1 __ L _ J. __ 1 __ L _.1 __ I __ 1 __ 1 _ -.1 __ I 
1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

- -1- - T - I - -1- - 1 - I - -1- - 1- - T - -I - - - - f - "I - -1- - 1- - T - 1 - -1- - I - I - -1- - 1- - T - -I - - - - f - 1--
- -I - -1- - ;- - I - -1- - r - -r - -1- - r - ;- - "1 - -1- - r- - "1 - -1- -:- - -r - "1 - -1- - r - "1 - -1- - I - ;- - 'I - -1- - 1"" - ""1 - -I 

_ l- __ I - -1- - -l- _ --I __ 1 __ I- - --l- - -1- _ I-- - -I- - --I - -1- - J,... - ---l- - -1- - I-- - -l-- - ---J __ 1_ - -!--- - ---l- - -1- - I-- - -I- - --l - -1- - -!-- - -I. - -I 
__ 1 ____ .L _ -.1 __ 1 __ L _ J. ____ 1 __ .1_ J __ 1 __ L _ J. __ 1 __ 1 __ 1. _..J __ 1 __ L _ J ____ L _1. _-.! __ I __ L_ -.1 __ 1 

1 1 1 1 1 1 1 1 [ 1 1 1 I I 1 I 1 1 1 1 1 1 1 
I - -1- -1- - T -1- -1- -1-1- -1- -1- - T -1- -1- -1-1- -1- - T -1- - I-I - -1- -1- - T - -1- - - -'-1- -I 

- -, - -,- - T - -, - -,- - r - -, - -,- - r - T - -, - -,- - r - -, - -,- - r - T - -, - -,- - r - -, - -,- - r - T - : - -:- - ~ - ~ - -; 

= 1 = =: = =:= = ~ = ~ = =:= = ~ = 1 = =: = = ~ =: = ~ = =:= = ~ = 1 = =:= = ~ =: = ~ = =:= = ~ = ~ = =:= = ~ = 1 j ~ Specimen 1 
1 1 1 1 1 1 1 1 1 I I 1 1 1 I I 1 1 1 1 1 1 1 1 1 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

U/Urel-max 

(b) Sa/(Vyo/W) vs. U/Urel-max (0.1<0:::;0.3) 

- -1- - -1- - -1- - I - - "1 - - "T - - T - - I - - r - - 1- - -1- - -1- - 1- - "1 - - "T - - T - - r - - r - -[- - -1- - -1- - -, - - 1 - - 1 

- -1- - -1- - -1- - --I - - ---l- - - -I- - - -+- - - -!--- - - I- - - 1- - -1- - -1- - --I - - ---l- - - + - - -I- - - -!--- - - I- - -1- - -1- - -1- - --l - - --+ - - ...; 
__ 1 ___ 1 ___ 1 ___ I __ -.1 __ J __ 1. __ L __ L __ 1_ _ _ _1 ___ I __ ~ __ -.l __ 1. __ L __ L __ 1 ___ 1 ___ 1 __ J __ -.1 __ J 

1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 
- -1- - -[- - -1- - -I - - [ - - I - - T - - r - - I - -[- - -1- - -1- - -I - - I - - 1-- - r - - r - -1- - -1- - -1- - 1 - - 1 - - -I 

- -1- - -1- - -1- - ---1 - - -+ - - -+ - - + - - +-- - - I- - - 1- - -1- - -1- - .-; - - - - - +-- - - I- - -1- - -1- - -1- - ---1 - - -+ - - ...; 
_ ..-J __ --1 __ ..1 __ 1. __ L __ L __ 1 ___ 1 ___ 1 __ -' __ --1 __ J 

1 1 1 1 1 1 1 I 1 1 1 1 1 
- -1- - - - - - -I - - "I - - 1 - - T - - - - - -I - - 1 - - 1 - - T - - I - - 1- - -1- - -1- - -1- - -I - - 1 - - -I 

- - t- - - I- - -1- - -1- - -1- - --i - - --t - - ~ - - T - - t- - - t- - -1- - -1- - -1- - --i - - --t - --l 
__ .L __ L __ L __ 1 ___ 1 ___ 1 __ ..J __ J __ .1 __ 1. __ L __ L __ 1- __ 1 ___ 1 __ ..J __ J __ J 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 
-1- -,- - T - -1- -1- -1- - -1- - -1- - -1- -"1- -"I - - T - -1- -1- - - - - - -1- - -1- -")- --I 

- - ..., - - "1 - - -r - - j - - I - - I - -1- - -1- - -1- - 'I - - I - - I" - - j - - I - - 1 - -1- - -1- - -1- - 'I - - "i - - 1 
__ 1 __ -1 __ -I. __ --L __ -l-- __ L __ I- __ 1 ___ 1 ___ 1 __ -1 __ ---! __ --L __ .L __ L __ I- __ 1 ___ 1 ___ 1 __ -1- - -I. __ -l 

1 I 1 1 1 1 1 1 1 1 1 1 1 I 1 I 1 1 1 1 1 I 1 
. -1- - -1- - -1- -"1- -1"- -1- -'1- -I ~-I---I- - -1- - -1- -"1- -1- ~ I~ -'1- -1- - -1- --1- --I-~ 1- -"1- --I 

1- - -1- - -1- -"1- -"1 - -"I - - T - - I - - r - -1- - -1- - -1- - "1- -"1 - -"T - - T - - r - -I - -1- - -1- - -1- - -, - - 1 - - 1 

__ 1 ___ 1 ___ 1 __ ~ __ ---! __ -I- - _ --l- - - -!--- - - I- - - 1- - -1- - -1- - --l - - ---! - - -+- - - -l-- - - -!--- - - I-.- - -1- - -1- - -1- - --l - - -I. - - -l 
_1 ___ 1 ___ 1 ___ I __ J __ J __ 1 __ L __ l __ 1 ___ 1 ___ 1 ___ I __ .J __ .1 __ 1 __ L __ '-- __ 1 ___ 1 ___ 1 __ .J __ J __ J 

1 1 I 1 1 1 1 1 1 1 1 1 I 1 
-1- - -1-- -1- -1- - T-- T --,--1 - -1- - -1---1--1- - 1- --I 

- +-- - - I- - - - - -1- - - - + - - + - - +-- - - I- - -1- - -1- - -1- - -l - - --f - - -1 
__ L __ 1 ___ 1 ___ 1 ___ I __ --1 __ .1 __ 1.. __ L __ L __ 1 ___ 1 ___ 1 __ -' __ --1 __ -' 

1 1 1 1 
__ --,.,- -1- - -1- - -1- -"1 - -1- - T - - 'I --

- r- - - 1- - -1- - -1- - -1 - - -t - - -+ - - -+- - - t-- - - _Specimen 2 
- -, 
-" 

...:. .... ":':! .. -i--+--+f-+--io--f--fo.!.- + - - ~ - -
- -1- - -1- - ..., - - ., - - .,. - - T - - r - -

-.-Specimen 4 _J 
, 

_Specimen 6 
- -, 
-1 

0~~.:;::t:~;c~L;"w/fcA¥_~"":"'::f,:"=m:"j~'::"·~:I·~ ",>- ~ - - ~ - - ~ - - ~ - -
l:~; - - 1- - -1- - -1- - -I - - "I - - I" - - 1 - - 'I - -

1 - - "1 - - T - - r - - r - - 1- - -1- - -1- - "I - - "1 - - "T - - T - - r - -

'Specimen 7 _J 

-(M'~& Specimen 8 
, 

-l 
_ --I __ --I __ -l- __ -l-- __ +- __ I- __ 1 ___ 1 ___ 1 __ --l __ --+ __ -+- __ .j.. __ +- __ 

_~ __ J __ J __ 1 ____ L __ L _______ ~ __ ~ __ l __ l __ l __ L __ --l-Specimen 11 -~ 
_ J 

1 1 I 1 1 1 1 1 1 1 _Specimen 12 
, 

-l 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

UJUrel-max 

FIGURE C-9 Normalized Spectral Acceleration vs. Displacement Ratio 

C - 31 



1.8 

1.6 

1.4 

1.2 

~ 1.0 
>>. 
~ 0.8 
1Jl 

0.6 

0.4 

0.2 

0.0 

1.8 

1.6 

1.4 

1.2 

0 1.0 >. 
> -* > 0.8 

0.6 

0.4 

0.2 

0.0 

(c) Saf(Vyo/W) vs. U/Urel-max (0.3<8::5:0.5) 

- r - T - -, - -,- -,- -,- - r - T - T - -, - -1- -1- -1- - r - T - "'T - -, - -,- -,- -,- - r - r - T - -, - -,- -,- - r - r - T - I -! - -, 

I I I I I I I I I I I I I I I I I I I I I 
- r - T - -, - -, - -1- -1- - r - T - T - ..., - -1- -1- -1- - r - T - .,. - -, - -, - -,- -1- - r - T - ..,. - -, - -,- -1- - 1- - r - T - -r - -, - -, 

I I I I I I I I I I I I I I I I I I I I I I I 
- r - T - "1 - -,- -1- -,- - r - I - ,- - -, - -1- -1- -1- - I" - r - -r -.., - -,- - -- - -r - ""1 - -1- -1- - ,- - I" - T - -r - ..., - -I 

I I I I I I I I I I I I I I I ! I I J I I I I I 
- t- - 1" - "i - -1- -1- -1- - t- - T - T - ""1 - -1- - - - I - I - -; - -I - -r- -1- - t- - r - -t - "1 - -1- -1- - j - r- - T - "I - "1 - -I 

I I I I I I I I I I I I I I I I r 1 I I I 
-t--1"--j--I-- - r - 1" - -j - -1- -1- -1- - t- - 1- - -t - -j - -1- -1- -1- - t- - t- - -t - --t - -1- -1- - r- - t- - t- - -t -.., --I 

I I I I I I I I I I I I I I I I I I I I 
1" - -t - -1- -1- - 1- - t- - t- - -t - -j - -1- -1- -1- - j- - t- - -t - -j - -1- -1- -1- - t- - t- - -t - -t - -1- -1- - t- - r - t- - -t - "-i --I 

1 1 1 1 1 1 1 1 1 1 II! 1 1 1 1 I 1 1 1 1 1 1 1 
--t - -1- -1- -1- - r - t- - -t - -I - -1- -1- -1- - I- - t- - -+ - -I - -1- -1- - 1- - I- - t- - -t - -I - -1- -1- -1- - I- - + - -t -I --I 

1 1 1 I 1 1 1 1 I 1 
-1- -1- -1- - I- - + - -t - -I - -1- -1- -1- - I- - + - -+ - --l - -1- -1- -1- - - - - -1- - f--- - I- - + - -+ - -I - -I 

1 1 1 1 1 1 1 1 1 1 1 1 I 
- + - -t - --l - -I - -1- -1- - I- - + - -t - --l - -1- -1- - f--- - I- - +- - -+ - --l - -I 

1 1 1 1 1 I 1 1 1 II! 
_.j... _ -+ - -1- -1- -1- -1- -I- -.j... - -+ _ --1 __ 1- -1- -1- -I- -.j... - -+ - -1 __ 1_ -1- _1 __ I- - +- - -+ - -1--1 

1 1 1 1 I 1 I II! 1 1 1 1 1 1 1 
_1 __ 1 __ I- _.j... _ -+ _ -I __ 1 __ 1 __ 1 __ ~ _ .j... _ --l- _ -I __ 1 __ 1 __ 1 __ I- _.j... _ --l- _...I __ 1 __ 1 __ 1 __ I- _.j... _...j. _...I __ I 

_ --l- _ ---1 __ I __ : __ 1 __ L _ .j... _ ~ _ ...J __ I __ 1 __ 1 __ ~ _ ~ _ ~ _ ~ __ : _ • Specimen 5b 
~ L ~ -' ~ ~ ~ ~: ~ ~I~ ~ ,~ ~ ~ ~ L ~ -' ~ -' ~ ~I ~ ~I~ ~ ,~ ~ L ~ ~ ~ ~ ~ -' ~ ~I ~ ...... Specimen 9 
~ L ~ -' ~ ~ ~ ~:~ ~I~ ~:~ ~ ~ ~ ~ ~ -' ~ -' ~ ~I~ ~I~ ~I~ ~ ~ ~ L ~ ~ ~ ~ ~ ~:~ ~';-I_~_~"~_~_L'---~-'L_T---;":S=i-'e:c:c,,-lT'·m=eTn,-,--.;-l-,,Oc.:b::,_,----,_-,--' 

1 1 1 1 1 
_ L _ .1 _ --.l __ 1 __ 1 __ 1 __ L _ 1. _ .1 _ ~ __ 1 __ 1 __ 1 __ L _ 1. _ .1 _ ..J __ 1 __ 1 __ L _ L _ 1. _ J. _..J _ _' __ L_L_J._...1 __ ' 

1 1 1 1 I I 1 I 1 1 1 1 1 1 1 1 1 I I L I I 
_ L _ J. _ --.l __ 1 __ 1 __ 1 __ L _.L _ 1. _ ..J __ 1 __ , __ L _ L _ 1. _ 

I 
_ L _ 1. _.J __ 1 __ , __ , __ L _.L _ 1. _.J __ ,_ :- - ~ - ~ - ~ - ~ - -: - -:- -:- - ~~ - ~ - ~ - -: - -:- -:- - ~ - ~ - ~ - ~ - -: 
_ L _ 1 _ .J __ I __ , __ , __ L _ 1 _ 1. _ .J __ ,_ _, __ L _ 1- _ 1 _ .J __ , __ , __ 1 __ L _ 1 _ 1 _ .J __ , __ , __ , __ L _ L _ 1 _ .J __ I 

1 1 1 , , , , 1 1 1 , 1 , 1 1 1 I " "I' 1 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

(d) V*/Vyo vs. U/Urel-max (8~.5) 

- r - T - -, - -,- -,- -,- - r - T - T - -, - -,- -,- -,- - I - T - J - -, - -, - -1- -,- - I - T - J - I - -,- -,- - r - I - T - I - 1--' 
1 1 1 , 1 1 1 I 1 1 1 , I 1 1 1 1 1 1 I 1 1 , I J 1 

- t- - -+ - -I - -1- -1- -1- - I- - + - -+ - -f - -1- -1- -1- - t- - + - -+ - -I - -I - -1- -,- - t- - T - -t - -f - -1- -j- -I-- - I- - + - -+ - -f - -I 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 , 1 I 1 1 , , , 

_ L _ ....L _ ---1 __ 1 __ 1 __ 1 __ L _ L _ ....L _ ...J __ 1 __ , __ L _ ~ _ L _ --1 _ ...J _ --I __ , __ 1 __ ~ _ L _ --1 _ ...J __ 1 __ 1 __ L _ L _ .l. _ --1 _ ...J __ I 

" 1 , 1 1 1 , 1 " 1 1 1 1 " 1 I 1 1 , 1 , , 
_ .!... _ J. _ J __ , __ 1 __ , __ L _ 1.. _ J. _ J __ , __ , __ 1 __ !.... _ 1.. _ .! _ J __ , __ , __ , __ !.... _ 1.. _ .! _ J __ , __ , __ , __ !.... _ .!.. _ J. _ J __ 

I 1 , 1 " 1 1 I 1 1 1 1 1 1 1 , 1 1 1 , " 1 1 1 1 1 1 
1 I 1 1 1 

- T - I - I - -,- -,- -1- - - - T - I - I - -1- - - -,- - I" - T - I - I - -,- - - - ,- - - - - - "1 - I - -,- -,- - 1- - I" - T - I - -, - -

- I - I - I - 1- -1- -1- - I - T - I - "1 - 1- -1- -1- - I - T - I - ""1 - -I - -,- -1- - r - T - I - "1 - -,- -1- -I - I - j - I - "1 - -I 

1 1 I 1 1 I I 1 I 1 1 1 I' I 1 1 1 1 1 , 1 I 1 1 
- +- - -+ - -+ - -,- -1- -1- - I- - +- - + - --l - -1- -1- -1- - I- - +- - -+ - --l - -I - -1- -,- - I- - +- - -+ - -I - -1- -1- -I-- - I- - +- - -+ - -I - -I 

1 1 1 1 1 1 , , 1 1 1 I 1 , 1 I 1 1 I 1 , 1 1 , 1 ! 1 1 , I I 1 
_ 1. _ .1 _ .J __ , __ L _1 __ L _ L _ .1 _ ...J __ 1 __ 1 __ 1 __ L _ L _ ..1 _ ..J __ 1 __ 1 __ 1 __ L _ 1. _ ..1 _ ...J __ 1 __ 1 __ L _ L _ 1. _ J. _ -' __ , 

I 

1 , " I 1 1 1 I 1 , 1 1 1 1 1 1 , 1 , 1 I , I , 1 1 1 1 1 
- "I - "I - "I - -, - -,- -,- - I" - T - "I - I - -, - -,- -1- - I" - T - "I - "I - -1- -,- -,- - I" - "I - "I - I - -1 - -,- -,- - I" - T - "I - I--

1 , , 1 , , 1 1 I I 1 , 1 1 1 , 1 1 1 1 1 , I 1 1 1 1 1 1 1 , I 
- T - T - I - -,- -,- -,- - I" - T - T - ""1 - -1- -,- -,- - I" - T - 1" - I - -,- -,- -,- - I" - T - I - I - -,- -,- - ,- - r - T - .,. - -, - -I 

I I I 
- t- - -t - -t - -1- -1- -1- - j- - + - -+ - ""1 - -1- -1- -,- - j- - -r- - -t - -f - -1- -1- -1- - t- - + - -t - -I - -,- -1- - j- - r- - +- - -t - "-i - -, 

1 1 1 , 1 1 1 1 1 1 1 1 1 1 " 1 I , 1 1 , 
_ -l- _ ...I- _ -4 __ 1 __ 1 __ 1 __ ~ _ -t- _ ...I- _ ...J __ , __ 1 __ 1 __ ~ _ .j... _ ...j. _ ...J __ 1 __ 1 __ , __ t- _ .j... _ --1 _ ---I __ , __ 1 __ I- _ ~ _ -I- _ ...j. _ ...J __ , 

1 1 I " 1 1 I 1 1 1 I 1 I 1 1 , 1 I 1 , 
_ L _ .1 _ .J __ 1 ______ L _ L _ 1 _ ~ __ 1 __ 1 __ 1 __ L _ 1. _ J. _ .J __ , __ 1 __ , __ L _ .L _ 1 _ ~ __ 1 __ 1 __ , __ L _ 1. _ 1 _ .J __ 

, 1 1 1 " 1 , 1 1 1 " 1 1 1 1 1 I 
, I I 1 1 1 , , 1 1 , 1 1 , 1 " 1 1 1 1 1 1 I 

- t - "I - "I - -, - -,- - ,- - I" - T - "I - - - - - - - - - - - - - - - I" - T - "I - I - -,- - ,- - I" - T - "I - ! - -
I I 

T - T - I - -, - -1- -,- - I - T - -,- - I - -1- -,- -,- - r - T - I - -, - -,- -,- - r - I - T - ,. - ---, - -I 

, 1 1 I 1 , 1 , 1 , 1 I 1 1 , I 1 1 I 1 1 , 1 r , I 

- +- - -+ - --I - -,- -1- -1- - f- - +- - -+ - -I - -I - -,- -1- - I- - +- - -+ - -I - -1- -1- -1- - I-- - +- - -+ - -I - -1- -,- -I-- - I- - +- - -+ - --I - -I 
I I 

_.L_..l_---1_~ __ I __ ' __ L_1._..1 _ _' __ I __ ' __ I __ L_1._..1_~_~ __ ' __ I __ L_L_..1_...1_, , L L .l. ..l ...1 _I 

1 , , 1 , 1 1 1 I , 1 , 1 1 1 1 1 , 1 1 1 , 1 , j 
_ L ~ 1. ~ J ~ ~I~ ~I~ ~I~ ~!. ~ L ~ 1. ~ J ~ ~I~ ~I~ ~I~ ~!. ~ L ~ -' ~.! ~ ~I~ ~I~ ~I~ ~!. ~ L ~ -' ~.! ~ ..... Specimen 

1 1 1 1 , , 1 1 I , I 1 I 1 1 1 I , 1 1 1 , , 1 . 
14 ~~: 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

UJUrel-max 

FIGURE C-9 (cont'd) Normalized Spectral Acceleration vs. Displacement Ratio 

C - 32 



6.0 

s.o 

4.0 

2.0 

1.0 

0.0 

0.0 

- T - "I - -1- - I - ..,. - -1- - 1- - T - "1 - -1- - I" - T - "I - -1- - r - ..,. - -I - -1- - r - "l - -1- - 1- - T - -, - -1- - I - "T - 1- -1- - 1 

_ .1 __ I __ 1 __ L _ 1 ____ 1 __ 1 _ --.l ____ 1 __ 1 _ .J ____ L _ l __ I __ 1 __ L _ --.l __ 1 __ 1 __ .1 _ .J __ 1 __ L _ 1 __ I ____ J 

I I 
- 1" - -j - -1- - j- - -t - -1- -1- - t- - --t - -1- - r- - T - --i - -1- - t- - -t - -I - -1- - t- - -1 - -1- - 1- - T - -j - -1- - t- - -t - -j - -1- - 1 

I I I I I I I I I I I I I I I 
- I" - -1- -1- - I" -"I - - - - - -"I - I - 1- -1- -"I -"I - -1- - 1- - I" - -1-
_ -I- _ ~ __ 1 __ I-_...l- __ 1 __ 1 __ .!- _ -1 __ 1 __ ~ _ -I- _ -1 __ 1 __ I-_..J. __ I __ 1 __ 1 __ -I- _ ---1 __ 1 __ 1-_-1-_ ~ __ 1 __ 1 

I I I I I I I I 
- -I - - 1- - r - -,- - -I - - 1- - T - """1 - -1- - r - T - -I - - 1- - 1 

__ 1 __ L _ ~ __ I __ 1 __ L _ J __ 1 __ 1 __ 1. _ ...J __ 1 __ L _ .1 __ I __ 1 __ J 

I 
-1- - r - 1- - I - -1- - r - T - -I - -1- - t" - "1 - -1- - 1- - i - "1 - -1- - t- - 1" - -"1 - -1- - I 

I I I I I I I I I I I I I I I I I I I 
- - T - I - -1- - 1- - -;- - -I - - I" - -;- - -I - - 'I - I" - -1- - 1- - "I - "I - - 1- - "I - -I - -1- -

~1~~~[1~~~~~~+;~~~~~f-~~~~i~~~~1~T:~~~--r - I - ..., - -1- - 1 

_______ 1 __ ~ __ I __ 1 __ ~ _ i __ I ____ I 

- -1- - ~ - + - ~ - -1- - ~ - ~ - -I - -:- - ~ - ~ - -1- -:- - ~ - ~ - -:- - ~ - ~ - ~ - -1- - I 
I I I I I I I I I I I I I I I 

I 

T ~A.;;:';;";;'f-~-"":"""'":"'''''''~''':''"'''i'- -1- - I - I - -1- - 1- - T -"I - -1- - I' - I - ..., - -1- - I 
.L.. __ 1 __ l.- _ J __ 1 __ 1 __ l_ J __ 1 __ l... _ i __ 1 __ I __ 

I I I I I I I I I 

'-.~"';;';..!~$i~~~:-'i':"~-:-t~~i":-:;:-~:-:~~ I - -I - - 1- - T - "I - -1- - r - "T - I - - 1- - 1 
IIII!! _ J __ 1 __ 1 __ 1- _ .J __ 1 __ 1 __ ~ __ I __ 1 __ 

0.2 

I I I I I I I I I 

~r;=;~~:;:~~~~~~..;.ri~;f~~1- --t - -1- -1- - 1- - ---i - -1- - r - -+ - -j- -1- - j 

~ - I - -I - -1- - I - + - -: - -:- - I - ~ - -: - - :- - + - ~ - -:- - :- - + - -: - -:- - I 
__ 1 __ J.. _ -' __ 1 __ 1- _..j.. _ -1 __ 1 __ 1- _...j. __ 1 __ 1_ -.l- _ -I __ 1 __ 1 __ .l- _ -1 __ 1 __ l- _ -+ _ -l __ 1 __ J 

I I I I I I I I I I I I I I I I I I I I I I I I 
1- -1- - r - T - -1- -1- - i -,- -1- -1- - T -""1- -1- -1-1- -1- -1--1 

__ 1 __ L _ _ _I __ 1 __ L _ --.l __ 1 __ 1 __ 1.- _ -.J __ 1 __ L _ -.l __ I __ 1 __ 1 

I I I 1 1 I 1 1 I 1 1 1 1 1 1 1 1 1 
- ---t - -1- - t- - t- - --j &-1- - r - l' - -I - -1- - t- - --t - -1- - 1- - t- - ---t - -1- - t- - -t - --1 - -1- - j 

I 1 1 1 1 1 I 1 1 1 

0.4 0.6 0.8 1.0 1.2 

U/Urel-max 

~Specimen 1 __ Specimen 2 
_Specimen 6 
--Specimen 9 
_ Specimen 12 

~Specimen4 
Specimen 7 
Specimen lOb 

....-Specimen 13 

A Specimen Sb 
W_~"M Specimen 8 
-+-- Specimen 11 
··;:L~"= Specimen 14 

FIGURE C-9 (cont'd) Normalized Spectral Acceleration vs. Displacement Ratio 

C - 33 



---~ 
-0 .... 
> 
'-' -os 
00 

(a) Sa/(Vyo/W) vs. drift (e::;;O.I) 

4.0 - '1 - -1- - T - -1- - I - -, - - 1- - '"1 - -1- - T - -1- - r - -, - -1- - T - -1- - r - 1- - r - l" - -1- - T - -1- - r - -, - - r - "'T -

I I I I I I I I I I I t I I I I r 
- -+ - -1- - + - -1- - J--. - -l - - 1- - --I- - -1- - + - -1- - I- - -! - - 1- - -+ - -1- - +- - --I - - f--- - --I- - -1- - + - -1- - I- - --l - -1- - -+ -

I I I I I I I I I I I I I I I 

3.5 _ -.l __ 1 __ .1 __ 1 __ L _ ..J __ 1 __ ..l __ 1 __ 1 __ I __ L _ .J __ 1 __ .1 __ 1 __ 1 __ I __ I_ 

I 1 I I 1 I I I I 

_________ 1 __ 1 _ 

I I I I I I 
-T-~--r-l--r-T----r-~--r-~--r-T-~--r-l--r-~-

3.0 
I I I I I 

- -t - -1- - + - -I - t- - -t - - 1- - -t - -1- - + - -1- - f- - -t - -1- - -t - -1- - t- - -I - - t- - -+ - -1- - + - -1- - t- - -t - -/- - -t -
I I I I I I I I I I I I I I I I I t I I 

__ L _ ..J __ 1 __ ...1 __ 1 __ .1.. __ 1 __ L _ ..J __ 1_ .1 __ 1 __ L _ ..J __ L _ ...i __ 1 __ ..L __ 1 __ L _ ..J __ L _ ...1 __ I 

I I I I 

2.5 1 
-1-

I I I I I I I I I I I I I I I ! 
- T - - - - I" - I - -1- - "I - -1- - "I - -I - - 1- - I" - -1- - "I - - - - I" - -I - -1- - "I - -

1 1 
- -1- - I - "1 - - 1- "1 - -1- - T - -1- - r - .., - - 1- - I - -1- - -r - "1 - - I - "1 - -1- - T - -1- - r - ..., - - r - I" - -I 

I I I I I I I I I I I I I 

2.0 ..1- __ 1 __ 1-.- _ -I __ I- _ J __ 1 __ -I- __ 1 __ I- _ -I __ 1 __ --!- __ 1 __ .I-- _ ~ __ ~ _ ....l. __ 1 __ -I- __ 1 __ l- _ --l - - ~ - --!- __ I 

1 1 I I 1 1 I 1 I 1 1 1 1 1 1 1 
_ J __ 1 __ J.. __ 1 __ L _ J _ _ _.1. __ 1 __ .!... __ I __ L _ J _ _l ____ L_J __ L_l __ 

1 I I 1 I 1 1 1 1 1 1 1 1 1 1 

1.5 
1 I 1 1 1 1 I 

-1--1- - T - -1- - r - -, - -1- -1--1-- r- -1- -I -1- -1- - T--I- -1--,--1--1--1 

- --t - -1- - + - -1- - f-- - -I - -1- - + - -1- - t- - -j - - I- - --t - -1- - + - -1- - f-- - -I - -I- - -+ - -I 

I I 1 1 I 1 I 1 

1.0 _ .1 __ 1 __ 1 __ [ __ L _ ..J ____ .1 __ 1 __ 1 __ I __ L _ ...! __ 1 __ .1 __ 1 __ L _ ..J __ 1 __ l __ 

I [ 1 1 1 
- - - T - -1- - I - -I - - - I - -1- - T - - - - - - - - - 1- - - - - - - I - - - - - - I - -1- - T - - - - - - -I - - 1- - T - -

0.5 
1 1 I 1 I I I 1 I 1 1 I I 1 1 I 1 1 1 1 1 

- - -:- - 7 - -: - - ~ - ~ - - 1 - ~ - -:- - ~ - -: - - ~ - ~ - -:- - 7 - -: - - ~ - ~ - - ~ - ~ - -:- - 7 - -: - - :. : -S :e~f~~~ 1 
- ~ - -:- - ~ - -: - - ~ - ~ - - ~ - ~ - -:- - ~ - -: - - ~ - ~ - -:- - ~ - -: - - ~ - ~ - - ~ - ~ - -:- - ~ - -: -LI-r~_'~_-=PT-~-'~---'-:--' 

0.0 1 1 

0% 10% 20% 30% 40% 50% 60% 70% 

drift, 'Y 

(b) Sa/(Vyo/W) vs. drift (0.I<e::;;0.3) 

6 - - -, - - -1- - - T - - --, - - - I - - -, - - -1- - - T - - -I - - - r - - -, - - -1- - - T - - -I - - - r - - -, - - -1- - - T - - --, - - - I 

--_'---~--~--~---L--_'---~ __ ~--~---L--_'---~--~ __ ~---L_-_'---~--~--~---I 
L __ J ___ L __ l __ ~ ___ L __ J ___ L __ l __ ~ ___ L __ J ___ L __ l __ ~ __ _ 
1 I 1 I 1 I 1 I I I 1 I I I 
r--'---r--T--'---r--,---r--T--,---r--,---r- --,---, - _Specimen 2 

- -*-Specimen 4 
- _ Specimen 6 5 

~--_'---~--~--~---L---'---~--~--~---~---' 
L __ J ___ L __ l __ ~ ___ L __ J ___ L __ l __ ~_ 

1 1 

- -=== Specimen 7 ~---'---~--+--~---~--
L __ J ___ L __ ! __ J ___ L _-, ___ L __ ! __ ~ ___ L __ J ___ L __ ! __ J ___ ' 

-+-Specimen 8 I I I 1 1 I I 1 I I I 1 1 I I 
r--'---r--T--'- r--'---r--T--'---r--'---r--T--~---, 

- -!--Specimen 11 ---~--~---~--+--~---~--~---~--+--~---I 
_J ___ L __ ~ ___ L __ ! __ J ___ L __ ~ ___ L __ ! __ J ___ ' 4 

_ Specimen 12 I 1 I I 1 I 1 1 1 1 1 
T--'---r--'---r--T--'---r--~---r--T--'---

- - -I - - -1- - - + - - -]- - - I- - - -I - - - - + - - -1- - - I- - - -t - - -1- - - + - - -1- - - I- - - -! - - -1- - - + - - -1- - - I 
__ ...1 ___ 1 ___ 1. __ -' ___ L __ ..l _ _ _ _ 1. __ -' ___ L __ ...1 ___ 1 ___ 1. ___ 1 ___ L __ ...1 ___ 1 ___ 1. ___ 1 ___ I 

1 1 I I I 1 I 1 I I 1 I 1 
- - ,- - -1- - - T - - -1- - - 1 - -I - - - - T - - -1- - - 1- - I - - -1- - - T - - -1- --

1IIIII~;.;;.,.."'i'--'i',...,II!IIt:: - - - ~ - - ~ - - -:- - - ~ - - ~ - - - ~ - - ~ - - -:- - - ~ - - ~ - - - 1 

--r--r--,---r--l---r--r--,---r--l---r--r--,--
~--~---~--~---~--+--~---~--~---~--~--~---, 

2 __ L __ ~ ___ L __ -' ___ L __ L __ J ___ L __ -' ___ L __ L __ J ___ I 

1 1 1 I 1 I I I 1 I 1 I r--'---r--l---r--r--'------l---r--r--'---
--~---~--T--'---' 

- - -1- __ I- __ ---I __ -1 ___ -I- ___ 1 ___ I- __ --I ___ 1 ___ -I- ___ 1 ___ 1 

I I 1 1 I 1 1 I I I 1 1 
--r--'---~--l---~--r--'---~--~-- --r--,---

~ - -I~ - - T - - 1- - - r - -., - - -1- - - T - - -1- - - r - -., - - -1- - - T - - --,- - - I 

---~--~--~---~--~ ___ ~ __ ~--~---L--_'---~--~--~---L __ ~---~--~--~---I 

o 1 I I I I I I I 1 I I 

0% 5% 10% 

drift, 'Y 
15% 20% 

FIGURE C-I0 Normalized Spectral Acceleration vs. Drift 

C - 34 



1.8 

1.6 

1.4 

1.2 
,-., 

~ 1.0 
>. 

;, 
~ 0.8 
00. 

0.6 

0.4 

0.2 

0.0 

1.8 

1.6 

1.4 

1.2 
,-., 

~ 1.0 -0 
>. ;, 

0.8 '-' -0: 
00. 

0.6 

0.4 

0.2 

0.0 

(c) Sa/(Vyo/W) vs. drift (0.3<8::;;0.5) 
- "l - -1- - "T - -1- - I - -I - - I - I - -1- - I - -1- - T" - -I - - r - "1 - -1- - "T - -1- - I - -1- - I - "1 - -1- - T - -1- - r - -1- - I 

I I I I I I I I I I 
_ ---1 __ 1 __ ...l- __ 1 __ L __ 1 __ L- _ ....I __ 1 __ .1 __ 1 __ L __ 1 __ L- _ ...l __ 1 __ ...l- __ 1 __ L __ 1 __ L- _...l __ 1 __ .J. __ 1 __ L __ 1 __ I 

I I I I I I I I I I 
I I I I I I I I I I I I I I 

- - - - 1- - 'I - -1- - "I - - - - I - I - - 1- - I" - -1- - - - - - - 1- - "I - - 1- - "I -
I 

- -; - - 1- - -+ - -1- - t- - -I - - I- - -t - - 1- - -+ - -1- - t- - -I - - t-- - -t - - 1- - -t - -1- - t- - -I - - f-:;; 

I I I I 
_ J __ 1 __ .! __ 1 __ 1.- __ I __ L _ J __ 1 __ .! ____ L __ I __ L _ J ____ 1 __ 1 __ 

I I I I I I I I I 

I 
- ""1 - -1- - T - -1- - r - -1- - r - "1 - -1- - "T - -1- - r - -1- - r - "l - -1- - 1: -1- - I - -1- - r - .., - -1- - T - -1- - r - -1- - I 

I I I I I I I I 1 1 1 1 I 
__ ....l __ 1 __ ...l- __ 1 __ L __ I __ L _ ...l __ I- _ .1 __ 1 __ L __ I __ L _ ...l __ I_ __ 1 __ L __ 1 __ L... _ -l __ 1 __ -1 __ 1 __ L __ 1 __ 1 

I I I I I I I I I I I I I I I II! ! 1 I 
I I I I I I 1 I I I I I I I I 1 1 1 1 1 I 

- "I - - 1- - I" - -1- - I - -I - - I - "I - - 1- - I" - -1- - 'I - - - - - T - -1- - I" - I - - - - T - -1- - f - -1- -

I I I , , 
- -t - - 1- - 1- - -1- - t- - -I - - I- - -t - - 1- - - -1- - -t - -1- - t- - -1- - f- - -I - -1- - + - -1- - t- - -1- - I 

, I I I 1 I 1 I I 
~ __ 1 __ J ____ 1 ____ L _ J __ L _ 1 __ 1 __ 1 __ 1 __ 

I 1 I I I I 1 1 1 1 

- "1 - -1- - I - -1- - r - -1- - - "1 - -1- - "T - -1- - 1 - -1- - r - "1 - -1- - I - -1- - r - -1- - I 

I 1 1 1 1 1 I 
_ -l __ 1 __ -1 __ 1 __ L __ 1 __ L... _ -l __ 1 __ -1 __ 1 __ L __ 1 __ L- _ -l __ 1 __ ..1 __ 1 __ L __ 1 __ L _ -l __ 1 __ -1 __ 1 __ L __ 1 __ 1 

I I I I I 1 I I 1 I 
I 1 I I I 1 I I I I 1 I I I I I I 1 I I 1 1 I 

- 1 - - 1- - I" - -1- - T - -I - - I" - 1 - - 1- - I" - - T - -1- - I" - 1 - -1- - I" - -1- - T - -1- - [" - 1 - - - - I" - -1- - f - -1--

I I , , 
- --+ - -1- - -+ - -1- - +- - -1- - f- - -t - -1- - -+ - -1- - +- - -1- - f- - --+ - -1- - -+ - -1- - +- - -1- - f- - -I - -I-.--"'--~~_~_-'-_---, 

I 1 I I I 1 I I I I 1 I I I I I I 1 I I I 
_ J ____ 1. __ 1 __ .L __ 1 __ L _ J ____ 1. __ 1 __ .L __ 1 __ L _ J __ 1 __ 1. _ L __ 1 __ L _ J __ I_ • Specimen 5b 

I I 1 I I I I I I 

...... Specimen9 -,- -1- -"T - -1- -1- -1- - r -,- -1- -"T - -1- -1- -j- - r - .l,-~·-:;:·,-' - r - -1- - r -,- -I-

I 1 I 1 I I I I I I I ~ 1 'I I I I I 1 I I I 
_.J __ '- _..1 __ 1 __ L __ 1 __ L -e- _1 __ ,,1._ , ___ ~I __ L _ -l __ 1 __ ..1 __ 1 __ L __ 1 __ L _.J __ I_ 

I I I 1 1 I I'h/-V""--' ,,' 'I ", 1 I 1 I I I I I I I 1 I I 
1 1 I 1 1 I 1 I I 1 I I I I I 1 1 I 1 1 1 I 

-1- -1- -1"- -1- - T - -1- -1- -1- -1"- - - - f - - - -1-1- -1- -1- -1- - f - -1- -1- -1- -I-

I 

"·Specimen 
lOb 

0% 2% 4% 6% 8% 10% 12% 14% 

drift, 'Y 

(d) Sa/(Vyo/W) vs. drift (8~.5) 

- "[ - - 1- - "T - -1- - T - -1- - r - "l - - r - -; - -1- - T - -1- - r - "I - - r - , - -1- - "T - -1- - T - -1- - r - I - - r - ,- - -1- - 1 

I 1 I 1 I 1 I I 1 1 1 1 1 1 I 
-,- -1- -"T - -1-- T - -1- - r - -,- -r -,- -I--T - -1- -1-1- -r - --, - -1- -"T - -1- - T -1- -I - ---, - -r-I- -1--' 

1 I 1 1 I I I I 1 1 1 1 1 
- --, - -1- -"T - -1- - T - -1- - 1 - --, - - r - --r - -1- - T - -1- - r - 1- - r - j - -1- -"T - -1- - T - -,- - r - ---, - - r - I" - -1- - 1 

I 1 I I 1 I 1 1 1 1 1 1 1 1 1 
- -, - -1- - j - -1- - T - -1- - 1 - ---, - - r - -, - -1- - I - -1- - r- - J - - I" - I - -1- - j - -1- - 'I - --,- - I" - ---, - -I - j - -1- - 1 

I I 1 1 I 1 1 1 I 1 1 1 
- "1 - -1- - -t - -1- - T - -1- - r - --j - - j - -t - -1- - 1" - -1- - 1- - J - - t- - 'I - -1- - -t - -1- - T - -1- - r - ---, - - r- - -t - -1- - 1 

I I I I I 1 I I 1 1 1 I 1 1 
- -1- -1- - -t - -1- - +- - -1- - r- - ---j - -j --I - -1- - + - -1- - t- ---1--j - -t - -1-- -t --1--+ - --1- -I- - -1- -I- - -t - -1-- i 

I I I I 1 I 1 I I 1 I I I 1 1 1 I 1 1 
- -t - -1- - l' - -1- - T - -1- - I- - ---j - - j - -I - -1- - l' - -1- - 1- - --t - - I- - -t - -1- - l' - -1- - + - -j - - I- - -I - - I- - ;- - -1- - i 

1 I I I I I 1 1 1 1 I f 
- -I - -1- - -t - -1- - +- - -1- - t- - --t --I- --t - -1- - -+ - -1- -t- - ---+- - r- - -t - -1- --t - -1- - +- - --1- -t- --1- -f- - -t - -1- - i 

1 I 1 I I I I I I I I I 1 1 I 1 J 
- -I - -1- - -+ - -1- - +- - -1- - t- - ---+ - - I-- - -+ - -1- - -+ - -1- - +- - -1 - - f- - -+ - -1- - -+ - -1- - +- - -1- - I-- - -I - -I- - -t - -1- - ..; 

1 I 1 I I I I I I 1 I 1 1 1 I J 

- -I - -1- - -+ - -1- - +- - -1- - I- - ---+ - - f- - -+ - -1- - + - -!- - +- - ---+ - - f- - --+ - -1- - -+ - -1- - +- - -1 - - I-- - -I - - I- - -+ - -1- - -I 

I I I I I I 1 I I 1 1 1 1 1 ) 1 
- --I - -1- - -+ - -1- - +- - -! - - I-- - --I - - I-- - -+ - -1- - -+ - -1- - I- - -1 - - I--- - -+ - -1- - -+ - -1- - +- - -l - - I- - --I - - I- - -+ - -1- - -I 

I I I I I I I 1 I I 1 1 I I I 
- --I __ 1_ - -+ - -1- _ .J-. __ 1_ - I- - ---I - - ~ _ --I- __ 1 __ -+ __ 1 __ I- _ ---I __ ~ _ -+ __ 1 __ -+ __ 1_ - .J-. - ---I __ I- - --I - - I- - -+ - -1- - -I 

I I 1 I 1 I I I I I 1 1 1 1 1 
- _ --I __ 1 __ ..1 __ 1 __ .j.. __ 1 __ I- _ ---I __ ~ _ --I- __ 1 __ ...I- __ 1 __ j..... _ ---I __ ~ _ --I __ 1 __ -+ __ 1 __ .L _ -1 __ j..... _ -I __ ~ _ --I- __ 1 __ ..J 

I I I I 1 I 1 1 1 1 I 
_ -I __ 1 __ ... 1, __ 1 __ J.. __ 1 __ L... _ ---I __ ~ _ -L __ 1 __ ...I- __ 1_ _ _ _ ~ _ -I __ 1 __ -L __ 1 __ .)... _ -1 __ j..... _ -I __ ~ _ ....). __ 1 __ ..J 

I I I I I I I I 1 1 1 1 1 1 1 
__ 1 __ L _ ---I __ L _ -l __ 1 __ -1 __ 1 __ L _ -1 __ L _ -l __ L- _ -L __ 1 __ ..J 

I 1 1 I I 1 1 1 1 I 
_ J __ 1 __ J. __ 1 __ .L __ 1 __ L _ -.J __ L! _ .J __ I- _ J. __ 1 __ L _ -.J __ L _ J __ 1 __ .1 __ 1 __ .L _ -1 __ L _ .J __ L _ J __ 1 __ J 

I 1 I 1 I I 1 1 I I 1 1 I I 1 1 1 1 I 1 1 I 1 I 1 1 I 

_~ __ : __ ~ __ : __ ~ __ : __ ~_~ __ ~_~ __ : __ ~ __ : __ ~_~ __ ~_~ __ : __ ~ __ : __ ~ ....... ~: : .; ; : J 

_.J __ 1 __ J. __ , __ .L __ 1 __ L _.J __ L _.J __ 1 __ J. __ 1 __ L _.J __ L _.J __ 1 __ J. __ , __ .L _I Specimen 14 ~;, 
1 I I I 1 I I I I I I I 1 1 I 1 I I I I I . . . . . .. 

0% 2% 4% 6% 8% 10% 12% 14% 

drift, 'Y 

FIGURE C-IO (cont'd) Normalized Spectral Acceleration vs. Drift 

C - 35 



6 

5 

4 

2 

o 

(e) Sa/(Vyo/W) vs. drift - all specimens 

- r - 1- -1- -1- -,- -,- -1- -1- -1- -,- -,- I - I - I - "1 - "I - I - I - T - T - T - T - I - r - r - r - r - r -1- -1- -1- -,- -,- -1- -, 
_ L _ L _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ I _ .J _ ...J _ ..J _ .J _ .1 _ .1 _ ..1 _ .1 _ ..L _ 1. _ 1. _ L _ L _ L _ L _ L _ L _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ I 

I I I I I I I I 
- ,- - ,- -,- -1- -1- -,- -1- -1- -1- -1- -,- -, - -, - """1 - I - "1 - "1 - I" - I - T - T - T - I - I - I" - I" - I" - ,- - ,- - 1- -1- -,- -1- -1- -, 
_ I- _ I- _1 __ 1 __ 1 __ 1 __ 1 __ 1_ _1 __ I _ --l _ ...J _ --I _ -I _ -4 _ -l- _ ...j. _ -l- _ ..l- _ -l- _ ..l- _ .I.- _ l- _ ~ _ I- _ 1- _ I- _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ I 

I I I I I I I I I I I I I I I I I I I I I I I 
I I I I I -1--I--I--I--I-I-,-I"-I-I-I-1-T-T-T-I-I-'--'--'--'--'--1--'--'--'--' 

- I- - 1- - 1- -1- -1- -1- -I -1- -1_ -1- -I - -I - -! - --I - --I - -+ - ...j. - ..j. - -l- _ -l- - -I- - .J- - .j.... - ~ - I- - I- - I- - I- -1- _ 1 __ 1_ -1- -1- -1- _I 

I I I I I I I I I I I I I I I I I I I I I 
-l-l-l-1-1-r-r-r-r-r-r-r-f-f-r-r-r---r 

1- -1- -1- -1- -1- -1- -1 - --1 - --1 - -t - -t - -+ - -+ - + - + - + - + - +- - +-- - I- - f- - f- - 1- -1- -1- -1- -1- -1- -1- -I 
1 , , 1 1 1 1 , , 1 , 1 , , , I 1 , , , I, 'I' 

-1- -,- -1- -I - -I - "I - "I - I - "I - "I - "I - "I - "I - "I - I - I - I" - I" - ,- - ,- -1- -1- - - -1- -1- -1- -

- j- - 1- -1- -1- 1- -1- -1- -1- -1- -1- -I - -j - -j - -t - -t - -t - -t - -t - -t - t- - t- - T - t- - t- - t- - t- - j- - 1- -1- -1- -1- -1- -1- -1- -I 

_L _1 __ 1__ _ _1 __ 1 __ 1 __ 1 __ ' __ 1 __ 1 __ 1_ J _ J _ J _l_l_l_l_l_l_.L _ L _ L- _ L- _L _1 __ 1 __ ' __ 1 __ 1 __ 1 __ 1 __ 1 

1 I I 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 I , 1 I 1 1 1 1 1 
-1- -1- -1- -1- -1- -1- -I - ""1 - -, - -, - , - , - -r - -r - I - I - i - "I - I - I" - I" - r - r - r -1- -1- -1- -1- -1- -1- -I 

____ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ I _ J _ J _ J _ J _ 1 _ 1 _.1 _ .1 _ 1.- _ l _ L _ L _ L _ L _ 1 __ 1 __ 1 __ 1_ _1 __ I __ 

1 1 1 1 1 
-r -1- -1- 1--1- -,- -1- -1--1--1- -1- ,- -:- T - T -,-r -r -r -r -1--1- -1--1- -1- -'--I 

0% 

_____ -,_...J_ ...J_...J _...1_ .1_...1_.1_.1_ 1-_ L _ L _ L _ L_ L _L _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 

1 I 1 I 1 1 1 1 
-1--1 -1- -1- -1- -1- -1- -1- -'-1-1-1-"'--1-1-,-,- T- T - r - r -r-, -, -1- -1--1- -1- -1- -,- -1--1 

_1 __ 1 __ 1 __ 1 __ 1 __ 1_ -I _ ...J _ ...J _ ..J _ ---1 _ --1 _ --1 _ J. _ ..L _ L _ L _ L _ L _ L _ L _ L _ L _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 

I I 1 1 1 1 1 1 1 1 I 1 1 I 1 1 I 1 
- -1- -1- -1- -1- -1- -I - -I - -I - 1 - , - , - 1 - 1 - T - T - T - T - T - 1 - I - I - ,- - 1- -1- -,- -1- -1- -1- - - -I 

_1 __ 1 __ 1 __ 1 __ 1_ -1- -I - ---1 - --.j - --.j _ --I _ --I _ -l- _ -+ _ ...j. _ ...j. - -I- - -I- - +-- - +-- - I- - I- _ I- _ 1 __ 1 __ 1 __ 1 __ 1_ -1- _1 __ I 

1 1 1 1 1 I I 1 I 1 1 1 1 1 1 , 1 1 1 1 I 1 1 1 , 
1 -I--I--I--I--'--'-I-'-'-I-I"-I"-,-,-T-T-I-I-I-I--I--I--I--,- III 

1- -1- -1- -1- -1- -1- -1- -I - -l - -l - --I - --I - -+ - -+ - -+ - + - + - + - +- - +- - +-- - I- - I- - I- - I- -1- -1- -1- -1- -1- -1- -I 

1 1 1 1 1 , 1 1 1 1 1 I 1 1 1 1 I 1 1 I 1 1 1 1 1 
~-~-~-~-l-l-l-~-1-1-r-r-T-T-r-r-r-f-f-r-r-r-r I I 

~"'''''''''''I- -1- -1- -I - --t - -t - -t - -t - -t - ;- - ;- - ;- - + - +- - + - + - t- - t- - t- - t-- - 1- -!- -1- -1- -1- -1- -1- -I 
_1 __ 1 __ I __ I _ J _ J _ J _ .! _ J _ .! _ 1- _ 1- _ l _ .L _ L _ L _ L _ 1 __ , __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 

1 1 1 I 1 [ 1 1 I 1 1 1 1 [ 1 1 1 1 1 1 1 1 1 I 1 
1- -1- -1- -1- -1- -1- 1- '"1 - ""1 - 'I - -t - ""t - ""t - ""t - 1- - T - T - 1- - r - r- - r- - j- - r- -1- -1- -1- -[- -1- -1- -I 

____ 1 __ 1 __ 1 __ 1 __ 1 __ I __ I _ -1 _ J _ ...! _ 1 _ J. _ .1 _ 1. _ .1 _ .L _ L _ L _ L _ L _ L _ 1 __ 1 ____ 1 __ , __ 1 __ 1 __ 

I 1 1 1 1 1 1 I 1 
- -1- -1- -1- -1- -1- -1- -1- 1- 1- -, -"l -, -I -I - T - T - T - r - r - r -, - r - r - r -[- -1- -1- -1- -1- -1--1 

,1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ I _ ...J _ ...J _ ..J _ ...! _ .1 _ .1 _ .1 _ .1 _ 1- _ 1 _ L _ L _ L _ L _ L _ L _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ I 

1 1 I 1 1 
1- -[- -1- -1- -1- -1- -I - 1 - 1 - -, - "l - I - I - 1 - T - T - T - T - T - r - r - I - r - r -1- -1- -1- -1- -[- -1- -I 

' __ 1_ ....:1 __ 1 __ 1 __ 1 __ 1 __ 1 __ I _ ..J _ ...J _ -.I _ ..J _ ..J _ --1 _ ..1 _ .1 _ ..L _ ..L _ L _ L _ L _ L _ L _ L _ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ I 

I 1 1 1 I 

10% 20% 

-+-Specimen 1 
... Specimen 5b 

-1~ Specimen 8 
--I--Specimen 11 
=-;j;r"'" Specimen 14 

30% 40% 

drift, "{ 
_Specimen 2 
_Specimen 6 
---Specimen 9 
_ Specimen 12 

50% 60% 

...... Specimen4 
Specimen 7 
Specimen 10b 

..... Specimen 13 

FIGURE C-IO (cont'd) Normalized Spectral Acceleration vs. Drift 

C - 36 

70% 



~ 

~ 
-0 

>. 

> '-' -...,., 
'" E 
,.:. 

:= 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 
0 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

--r-~--~--r--r-~--'--T--r--r-~--~--r--r-~--'--T--r--r-~--T--r--r-~--, 

--~-~--~--~--~-~--~--~--~--~-~--~--~--~-~--~--~--~--~-~--~--~--~-~--~ 
I I I I I I I I I I I I I I I I I I I I I I I I 

- -1- - -I - - I" - - "I - -1- - -1- - I - - I" - - I" - -1- - -I - - I" - - "I - - 1- - -1- - I - - I" - - I - -1- - - - - I" - - "I - -]- - - -I 

--r-~--T--r--r-~--'--T--r--r-~--T--r--r---- I T--r--r-~--' 

--~-~--~--~--~-~--~--~--~--~- -~--~--~--~--~-~--~--~--~-~--~ 
__ 1 ___ I __ -.l _ L _______ '--- __ 1 ___ I __ 1 __ l. __ 1 _____ .J __ 1. __ L __ 1 ___ I __ J. __ .L __ 1 ___ 1 __ J 

I I I I I I I I I I I I I I I I I I I I 
-r--r-~--'--T--r--r-~--T--r--r-~--'--T--r--r-~--T--r--r-~--, 

~--~--~-~--~--~--~--~-~--~--~--~-~--~--~--~--~-~--4--~--~-~--~ 
_l __ L __ L_~ __ ~ __ l __ L_ _~ __ l __ L __ L_~ __ ~ __ l __ L __ L_~ __ l __ L __ L_~ __ ~ 

I I t I I I I I I I 1 I I I I I I I I I I I I 
- -1- - 1- - I - - I - - 1- - -1- - I - - T - - r - -1- - -I - - "1 - - T - - 1- - -1- - I - - T - - I - -1- - -I - - I - - r - - 1- - -1- - I 

--l - - -+ - - +- - - 1- - -1- - -l - - + - - I--- - -1- - --l - - -+ - - +- - - I-- - -1- - --j - - + - - f- - -1- - -I - - -+ - - +- - - I- - -1- - --l 
__ I __ .1 __ 1.. __ 1 ___ 1 __ J __ 1.. __ L __ 1 ___ I __ J. __ 1 __ 1 _____ ..J __ .1 __ L __ 1 ___ I __ ...! __ L __ 1 ___ 1 __ J 

I I I [ I I I I I I I I I I I I I I I I I I I 
- -I - - "T - - I - - 1- - -1- - I - - T - - r - -1- - -I - - "T - - T - - [- - -1- - I - - T - - I - -1- - -I - - "1 - - I - - 1- - -1- - -, 

- --l - - -+ - - +- - - 1- - -1- - --l - - + - - I- - -1- - --l - - -+ - - +- - -!- - -1- - --l - - + - - I-- - -1- - -I - - -+ - - +- - -!- - -1- - --l 
___ I __ -.l __ L __ 1 ___ 1 __ ~ __ 1.- __ L __ 1 ___ I __ -.l __ L __ 1 ___ 1 __ ..J __ .1 __ L __ 1 ___ I __ -.l __ L __ 1 ___ 1 __ ..J 

I I I I I I I I I I I I I 1 I 1 I I I 1 I 1 1 1 
- - -I - - 1" - - 'I - - 1- - -1- - I - - T - - I - -1- - -I - - I - - T - - 1- - -1- - I - - T - - I - -1- - -I - - I - - 'I - - 1- - -1- - -I 

- 1- - --l - - -+ - - +- - - 1- - -1- - --j - - + - - I- - -1- - --l - - -t - - +- - -!- - -1- - --l - - + - - r- - -1- - -I - - -t - - t- - -!- - -1- - --j 

1 ___ I __ .1 __ L __ 1 ___ 1 __ --' __ 1. __ L __ 1 __ ~ __ .1 __ L __ L __ 1 __ --' __ .1 __ L __ 1 ___ I __ .1 __ L __ 1 ___ 1 __ ..J 

I I I I I 1 I I I I 1 I I I I I 1 1 I I I 
-r-~--~~-r--r-~--~--T-~r----~~~~--r--r-~--~--T--r--r-~--~--r--r-~-~~ 

- -1- - -; - - -t - - t- - - 1- - -1- - --j - - + - - I- - -1- - --I - - -t - - t- - - r- - -1- - --l - - + - - r- - -1- - -I - - -t - - t- - - f- - -1- - --j 

__ L_~ __ ~ __ L_~L_~~_~ __ L __ L_~L_~ __ ~ __ L __ L_~_~~ __ L __ L __ L_~ __ ~ __ L __ L_~ __ ~ 
1 1 I i I I 1 I 1 I I I I I I I 1 I I 1 I I I I 

--r-~--l--r--r-~--~--T--r--r-~--l~-r--r-~--~--l~-r----~--l~-r--r-~~~l 

--~-~~-~--~--~-~--~--+--~--~-~--~--~-~~-~--~~-+--~--~-~~-~--~--~-~--~ 
__ L_~ __ ~ __ L __ L~~ __ ~ __ L __ L_~L_~ __ ~_~L __ L_~ __ ~ __ L __ L __ L_~ __ ~ __ L __ L_~ __ ~ 

= =:= = j = = j = = t = = := = =: = = j = = t = = ~ = =:= = j = = j = = t = = ~ = =: = = j = = t = = ~ = =:= = =: = ~ -+-Specimen 1 I 
__ 1 __ ~ __ ..1 __ 1... __ 1 ___ 1 __ -.J __ ~ __ L __ 1 __ .-J __ ...l __ 1... __ L __ 1 __ -.J __ ...l __ L __ 1 __ -l __ ...l __ 1... __ L __ 1 __ -.J 

I I 1 I I I I I I 1 1 I I I 1 I I I I I 1 1 1 
- -1- - -I - - I - - I" - - 1- - -1- - I - - I - - I" - -1- - -I - - "I - - I" - - 1- - - I - - I - - 1- - -1- - -I - - "I - - I" - - 1- - - -I 

o 

5 10 15 20 25 

Displacement Ductility, J.1 

- - j - - -1- - - T - - -1- - - r - - I - - -1- - - T - - -1- - - r - - I - - - r - - I - - -1- - - T - - 1- - - r - - I - - -1- - - 1 

__ .J ___ 1 ___ -.L ___ 1 ___ L __ .J ___ L _ _ 1 _ __ 1 ___ L __ ..J ___ 1 ___ J _ _ _ _1 ___ 1 ___ L __ J ___ 1 ___ J 
I I I I I 1 I I I I I I I I I 1 I I 

- - --l - - -1- - - + - - -1- - - I- - - --l - - -1- - - + - - -1- - - +- - - --l - - -!- - - -+ - - -1- - - +- - - -1- - - I- - - -t - - -1- - - -f 
I 1 1 1 I 1 I I I I I I I I I I I I ) I 

- - -, - - -1- - - T - - -1- - - I - - "1 ~ - ~ 1- - - T - - -I~ - - I ~ - ...., - - - 1- - - I - - -1- - - T - - -1- - - r - - "1 - - -1- - - 1 
__ --' ___ 1 ___ .1 ___ 1_ _ L __ --' ___ 1 ___ .1 ___ 1_. __ L __ -.J ___ 1 ___ ...1 ___ 1 ___ .1.. ___ 1 ___ L _ _ _ _1 ___ J 

~=::;;i'~~:;~~j~~' ~-:-t~~' ...... ~' ........ ~'~~~=-~~ --1- - --I 
- -1- - - 1 - - -:- - - ~ - - -: - - -:- - - ~ - - -:- --

- .....) - - - I- _ - -+ - - -1- - - .j... __ --f - - - I- - - -+ - - -1- - - -I 
1 I 1 I 1 I 

- - r - -...., - - -I - -"1 - - -1- - - T - - 1- - - I"" - - I ~ - -1- - - 1 

_""F"-,,,,~&/.:«-~>$~ - - L - - -: - - -:- - - f - - - - 1 - - _1- _ - L __ J - - _1- - -

I 
- "I - - -1- - - "I - - -1- - - T - - I - - - I 

_Specimen 2 
- -, 

I 
- -, 

L __ ..J ___ 1 ___ .1 __ ~I ___ .1.. __ -.J ___ L __ .1 ___ I_ 

I I 
~Specimen4 ~ _ J 

I 
- - r - - -j - - -1- - - -t - - -1- - - t- - - -1 - - - r-- - - -t - - -I-

I I I 1 I I I I I 
- - "I - - "I - - -1- - - - - -1- - - I" - - "I - - - 1- - - 1 - - -I-

_Specimen 6 
- -, 

I 
- -I 

I ___ ..L ___ 1 ___ L __ ...l ___ 1 ___ ..L ___ 1 ___ L __ ....J ___ L. __ ..J. ___ I_ 

I I I I I I 
Specimen 7 __ J 

-1- - - T - - -1- - - r - - ..., - - -1- - - T - - -1- - - , - - -, - - - r - - -r - - -I- - ~ 1 

I 1 I I I I I I I I I I - - - - - I" - - -I - - - I" - - I - - - 1- - - I" - - -1- - - "I - - I - - - 1- - - "I - - -1-
Specimen 8 __ J 

I 
__ .-J. - - -1- - - ..... ___ 1_ - - I- - - .-J. ___ 1 ___ -+ - - -1 ___ .j... - - .....) - - - I-- - - -+ - - -I-

I I I I I I I I I 1 I I I I 
- - "l - - -1- - - T - - -1- - - r - - -, - - -1- - - l" - - -1- - - T - - "I - - - I - - "1 - - -1-
__ .J __ 

I 

__ .1 ___ 1 ___ L _ ~ ~ ___ 1 ___ ...!. ______ 1 __ ..J ___ 1 ___ .1 ___ I_ 

I I I I I 

2 3 

Displacement Ductility, J.1 

-+-- Specimen 11 ~ -, 
I 

_ Specimen 12 
- -, 
_ _ J 

4 5 

FIGURE C-ll Normalized Absolute Acceleration vs. Displacement Ductility 

C - 37 



(c) iiT_max/(Vyo/W) vs J.1 (O.3<eSO.5) 

1.0 - - "1 - - - r - - "1 - - -1- - - T - - -1- - - r - - -1- - - I - - "I - - - r - - "l - - -1- - - I - - -1- - - T - - -1- - - r - - "I - - - I 

0.8 

0.6 

0.4 

0.2 

0.0 

I I I I I I I I I I 
--l---r--l------T------T--~---r--~---r--l---r--l------T--~---r--~---

I I I I I I I I I I I I I I I I - - "I - - - 1- - - "I - - -1- - - "I - - - - "I - - -1- - - I" - - -I - - - 1- - - "I - - -1- - - I - - -1- - - "I - - -1- - - 'I - - -I - - -

__ .J ___ 1 ___ J ___ 1 ___ .1 ___ 1 ___ 1 ___ 1 ___ L ___ I ___ L __ .J ___ 1 ___ .! ___ 1 ___ .1 ___ 1 ___ L ___ 1 ___ I 

I I I I I I I I I I I I I I I I 
__ -1 ___ '- __ J ___ 1 ___ .1 ___ 1 ___ L ___ 1 ___ L __ ---J ___ ~ __ ~ __ ~ ___ L __ ~ ___ f 

I I I I I f f 
-~---~--4---~--+---~--+--~---~--~---f 

f f f 
- - -j - - - r- - -"i - - -1- - - T - - -1- - - r- - - - r- - - """"1 - - - I - - "1 - - -1- - - "i - - -1- - - T - - -1- - - t" - - -1- - - I 

I I I I I I I I I I I 
- - -, - - - r - - "1 - - -1- - - T - - -1- - - T - - -1- - - r - - "I - - - r - - I - - -1- - - "'T - - -1- - - T - - -1- - - r - - -I - - - I 

I I I I 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 I 
- -"I - - -1- - - I - - -1- - - T - - -1- - - T - - -1- - - I" - - -I - - - 1- - -"I - - -1- - - I - - -1- - - T - - -1- - - r - - -1- - - I 

--~---:---~---:---+---:---~---:---~---:- .. :.: I·; 1 1 1 1 j._; 
__ ...J ___ 1 ___ --.l ___ 1 ___ .1 ___ 1 ___ L ___ 1 ___ L ___ I ___ L __ .J ___ 1 ___ J. ___ 1 ___ .1 ___ 1 ___ L ___ I ___ I 

1 1 1 I 1 I I 1 1 
__ ....l ___ L __ -1 ___ 1 ___ ..L ___ I ___ L ___ I ___ L __ ..J ___ L __ ---1 ___ 1 ___ -1 ___ 1 ___ ..L ___ I ___ L __ ....J ___ 1 

Iff 
- - -i - - - 1- - - -+ - - -1- - - + - - -1- - - + - - -1- - - I- - - -l - - - f- - - --+ - - - 1- - - -I- - - -1- - - + - - -1- - - +- - - -I - - - 1 

1 1 1 1 1 1 I 1 
- - "1 - - - I - - --t - - -1- - - i - - -1- - - 1"" - - -1- - - t- - - ""1 - - - I - - '"i - - -1- - - --t - - -1- - - i - - -1- - - r - - -I - - - 1 

1 1 1 1 1 1 1 I 1 1 
"",,,, ... 1, .••• ".Cc - - - I - - "1 - - - 1- - - .,- - - -1- - - T 

1 I 1 1 1 1 
--r--l------l---~--T 

__ ! ______ L __ ~ ___ L __ J ______ l ___ L __ ! 
f I 1 1 1 1 1 1 1 1 1 1 

__ ...1 ___ 1 __ _ ___ 1 ___ L ___ 1 ___ L __ --' ___ L __ J ___ 1 ___ J. ___ 1 ___ .1 

__ ---1 ___ 1 __ _ - - -:- - - ~ - - -: - -- ~ - - -: - - - ~ - - ~ - - - ~ - - ~ - - -:- - - ~ - - -:- - - ~ 
I I f 

- - --l - - -1- - - -i - - -1- - - + - - -1- - - +- - - -1- - - t- - - -1 - - - f- - - -i - - -1- - - -+ - - -1- - - + 
I I I I 

0.0 O.S 1.0 1.S 

Displacement Ductility, J.1 

• Specimen Sb 

-.-Specimen 9 

.. Specimen lOb 

...... Specimen 13 

2.0 

1.0 - - -, - - - I - - -, - - -1- - -.,. - - -1- - - I" - - -1- - - T - - -1- - - T - - -1- - - T - - -1- - - r - - 1- - - r - - -, - - - r - -"1 

1 1 1 I 1 1 1 1 1 I 1 1 1 
- - "1 - - - r - - .., - - -1- - - ., - - -1- - - .,. - - -1- - - T - - -1- - - T - - -1- - - r - - -1- - - r - - I - - - r - - .., - - - r - - "1 

1 I 1 1 I 1 1 1 I 1 1 1 1 1 
- - -t - - - I - - -t - - -1- - - -t - - -1- - - I - - -1- - - i - - -1- - - T - - -1- - - T - - -1- - - t- - - -1 - - - r- - - -t - - - r- - - "1 

1 1 1 1 1 1 1 1 1 1 1 I 1 1 I 1 
- - -1 - - - j-- - - -t - - -1- - - ---t - - -1- - - I - - -1- - - + - - -1- - - +- - - -1- - - r - - -1- - - t- - - -1 - - - j-- - - -i - - - j-- - - -t 

1 1 1 1 1 1 1 1 1 II! j ! I 
0.8 - ~ -l - - - 1- - - --+ - - -1- - - -+ - - -1- - - + - - -1- - - + - - -1- - - + - - -1- - - f-.- ~ - -1- - - -I- - - -l - - - 1- - - --l - - - 1- - - --r 

0.6 

0.4 

0.2 

0.0 

1 1 1 1 1 1 I 1 1 1 1 II! r I 1 
- - --l - - - 1- - - -+ - - -1- - - -+ - - -1- - - + - - -1- - - + - - -1- - - + - - -1- - - .j..... - - -1- - - -I- - - --I - - - I- - - -+ - - - I- - - --r 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
__ --I ___ f- - - --I- - _ -1 ___ --I- _ - -1- - - --I- ___ 1 __ - .L - - -1- - - +. - - -1- - - .J..- - - -1- - - .j..... - - --I - - - I- __ --I - - - I- - - --I 

1 1 1 I 1 1 1 I 1 I 1 1 1 1 
__ ....l ___ L __ ---1 ___ 1 ___ ...1 ___ 1 ___ ~ ___ 1 ___ ..L ___ 1 ___ L ___ 1 ___ L ___ 1 ___ L __ ....J ___ L __ ....l ___ L __ ....l 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
__ ..J ___ L __ -.1 ___ 1 ___ .1 ___ 1 ___ -L ___ 1 ___ ..l ___ 1 ___ 1. ___ 1 ___ L ___ 1 ___ 1. __ ..J ___ L __ ....l ___ L __ ..J 

I 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 I 1 1 
__ ...1 ___ L __ .J ___ 1 ___ .J ___ 1 ___ .1 ___ 1 ___ .1 ___ 1 ___ .i ___ 1 ___ L ___ 1 ___ L __ -.l ___ L __ .J ___ L __ -' 

I 1 1 1 1 1 1 1 1 I t 1 
__ .J ___ 1 ___ .J ___ 1 ___ --.l ___ 1 ___ .1 ___ 1 ___ .1 ___ 1 ___ .L ___ 1 ___ L ___ 1 ___ L ___ I ___ L __ .J ___ L __ J 

1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
__ J ___ L __ J ___ L __ l ___ L __ l ______ ! __ ~ ___ ! __ ~ ___ L __ ~ ___ L __ ~ ___ L __ J ___ L __ J 

1 1 1 1 1 1 1 1 1 1 I 1 1 I 1 1 1 I 
__ J ___ '--- __ J ___ 1 ___ ...! ___ 1 ___ 1 _ _ 1 1 1 I 1 1 1 1 1 1 1 

1 1 1 1 1 1 I --1---1---1---1---1"---1---1---1---1--1---1----1 

1 1 1 1 1 II! 1 1 1 I 1 1 1 1 1 1 - -1- - -1- - -1- - -1- - -1-- - -1"- - -1- - -1"- - - -1- - -1- --1---1- - -1---1---1- -'---1- ---I 

I 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 I 1 

~ ~ ~ ~ ~ ~:~ ~ ~ ~ ~ ~ ~:~ ~ ~ ~ ~ ~ ~:~ ~ ~ + ~ ~ ~~:~ ~ ~ ~ ~~ ~:~ ~ ~ ~ ~ ~~: ~ ~ ~ ~ ~ ~~: ~ ~ ~ ~ ~ ~ ~ ~ ~ ~:~ ~ ~ ~ 
1 I I 1 1 I 1 1 1 1 1 I 1 1 1 1 1 1 I 1 

-- -1- - - r- -1- - -1- - -1- - -1- - -1- - -1- - - T- - -1- - - T- - -1- - - r- - -1- - -1- -1- - -1-- -, - - -1--1 

I 
- - "1 - - - r - - --, - - -1- - - .,. - - -1- - - I" - - -1- - - T - - -1- - - T - - -1- - - T - - -1- - - r - - 1 - - - r - - -, - - - r - - "1 

--~ ---~ --~ ---:- --~ ---:- --~ ---:- --~ ---:- --~ ---: ---~ --~ ---~ -I ....... S ecimen 14 L ~f 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 I L'=-=--=--=cC'-P_--==-=--=-:::-::-,1 

- - -t - - - r - - '"i - - -1- - - ""t - - -1- - - I - - -1- - - T - - -1- - - T - - -1- - - t- - - -1- - - r -1 j-- -t r-
I f 

0.0 O.S 1.0 1.S 2.0 

Displacement Ductility, J.1 

FIGURE C-ll (cont'd) Normalized Absolute Acceleration vs. Displacement Ductility 

C - 38 



1.4 

1.2 

1.0 

0.4 

(e) ih_max/(Vy'/W) vS.Ii- all specimens 

- -1- - 1- - I - - r - - ,- - -,- - 'I - - T - - , - - [- - -, - - I - - I - - ,- - -1- - 'I - - T - - r - -,- - -I - - r - - T - - r - -1- - I 

I I I I I I I I _ ~ __ 1 _____ J __ ~ __ ,_ _ I I I I I I I I I 
- -1- - -I - - I" - - - - - ,- - -,- - "I - - "I - I I I I I - "I - - I" - - I" - -,- - - - - I" - - I - - ,- - -1- - "I 
- _1 __ -1 __ ....!- --!- __ 1 ___ 1 __ ~ __ J.. __ 1- __ 1 ___ 1 __ --1- __ -1- __ 1 ___ 1 __ -1 __ J.. __ I- __ 1 ___ 1 __ ....1 __ -1- __ ~ __ 1 __ -I 

I I I I I I I I I I I I I I I I I I I I I I I I 
- -1- - 1- - -,- - - r - -I - -1- -""1 - - -r - - r - -1- - -[- - -r - - r - -[- - -[-- .., - - T - - I" - -1- - ""1 

I I I I I I I I I I I I I I 
- -1- - -I - - I" - - I" - - ,- - - "I - - I - - - - - - I -~--l--r--~----~ 

__ L __ 1 ___ 1 __ .J __ L __ L __ 1 __ ..J __ 1. __ L __ 1 ___ 1 __ .J __ 1. __ L __ 1 __ ..J 

I I I I I 1 I I 
-1--1- - -1- -""1- - -t- -1- -1- - - - -"i - - t- - -j---I- -""1- - T --r- - -1- - -[- -"i -- t" - -r --1- -""1 

I I I I I I I I I 1 I I I I I I 
- - "I - - "I - - ,- - -,- - "I - - T - - I - -1- - -, - - I - - T - - 1- - -1- - -I 

1 ___ 1 __ ..J __ 1- __ L __ 1 ____ J __ 1. __ 1 ___ 1 __ ..J __ 1- __ L __ 1 ___ 1 __ J. __ 1- __ L __ 1 __ ..J 

- - --t - - t- - - 1- - -1- - --j - - + - - I- - - 1- - -I - - --t - - t- - - r- - -1- - --j 

1 I I I I I I I I I I I 1 
- - I - - I - - 1- - -1- - -, - - T - - I - -1- - -,- - 1 - - 1 - - 1- - -1- - -I 

__ .1 __ 1- __ 1 ___ 1 ___ I __ .1 __ L __ 1_ _ _ _.J __ 1.. __ 1 ___ 1 ___ I 

I 
- - --t - - +- - - ,- - -1- - --l - - + - - I-- - - 1- -

I I I I I I , , I I 
I - - I - - 1- - -1- - -, - - T - - I - -1- - -I - - I - - I - - ,- - -1- - -, - - T - - r - - 1- -

J __ L __ 1 _____ J __ .1 __ L __ 1 ___ I __ J __ L __ 1 ___ 1 ___ I __ ..!. __ L __ 1 __ 

I 1 I I 1 I 1 I I I 
- -+ - - ./.. - _ 1- - -1- - -1 - - +- __ I- _ -1- - -I - - .... __ -I- - - 1- - -1- - -1 __ +- - - I- - - 1- -

I 1 I I I I I I I I 1 I I 1 1 I 
i--r--I---I---'--T--I--I---I--i--r-- --I---'--T--r--I--

III I I I , I I , __ [ __ -' __ ~ __ ~ __ I __ 
- - I" - - I - - 1- - - "I - - "'I - - 1- - -,- - -[ - - I" - - I - - I I I , I 

-I __ -+ __ l- __ I- __ 1 __ -I __ J. __ I- __ 1 ___ [ __ ..J __ l- _ _ _ _1 __ -I __ +- __ I- __ 1 __ 

'I I I I , I 'I , I I 
- ...., - - I - - ;- - -, - -1- - ..., - - T - - r - -,- - -,- - -r - - , - - - -1- - ...., - - T - - r - -1- -

, I 1 I 1 , 'I I I I 1 I 
- -I - - - - - - - [- - -,- - -, - - I - - 1- - -,- - -,- - - - - I - - , - - "I - - I - -1- -

- - --t - - +- - - I-- - -1- - --j 

I I I I I 
- - I - - T - - r - -1- - -, 
_ _ J __ 1 __ 1 ___ , ___ I 

I I I , I 
- - -+ - - -I- _ - I- - _, __ -1 

- - I - - T - - I - -1- - -, 

_ _ J __ J..- __ '-- __ , ___ I 
I I , , I 

_ _ ..J __ -I- __ I- __ 1 __ -I 

I 
- - t - - T - - I - -,- - ...., 

, I , I I 
- - I" - - -;- - - ,- - -1- - -, 

I _ -' __ .1 __ L __ 1 ___ [ __ ...1 __ .1 __ L __ 1 ___ 1 __ .1 __ L ____ 1 __ .J __ .1 __ L __ 1 ____ -.1 _ _ L __ L __ I __ .J 

1 I , I I I' 1 1 , I 1 I 
- -I - - I - - J - -1- - -1- - ..., - - T - -, - -,- - -1- - -r - - t- - - - -1- - I - - I - - I - -1- - -1- - -r - - T - - I - -1- - I 

I I I , I I I 1 , I 1 I , I I , I I , I I I 
I I 1'1 I --'---1---'--1--1--'---'---1--'--1--'---'--1--'--'------I 

0.2 _1- _ ..J __ J __ 1. __ ! ___ 1 __ ..J __ .1 __ L __ , ___ , __ J. __ 1. __ 1 ___ , __ .J __ J. __ L __ 1 ___ , __ -.1 __ 1. __ L __ 1 __ ..J 

o 

I I 1 I 
- -1- - --j - - --t - t- - - 1- - -1- - -f - - + - - t- - -1- - -I - - --t - - t- - - 1- - -,- - --j - - + - - I- - -1- - -I - - --t - - +- - - t- - -1- - --j 

AI I I I 1 , I I I' I' I , [ I I I 1 , , 1 I 
- -1- - -, - - T - - r - -,- - -,- - "I - - T - - 1- - - - - -, - - I - - r - -1- - - - - -I - - T - - r - - - - -,- - I - - 1 - - 1- - -1- - -, 

_____ 1 __ .1 __ 1 __ , _____ .J __ .1 __ L _____ , __ J __ .L __ , _____ ..J __ .1 __ L _____ 1 __ J __ 1 __ 1 ___ 1 ___ , 

5 

-.-Specimen 1 
• Specimen 5b 

=~A~_ Specimen 8 

--+--Specimen 11 
J;=%' Specimen 14 

10 15 

Displacement Ductility, Ii 

_Specimen 2 
_Specimen 6 

---Specimen 9 
_ Specimen 12 

20 

.... Specimen4 
_&~" Specimen 7 

Specimen 1 Ob 

---Specimen 13 

25 

FIGURE C-ll (cont'd) Normalized Absolute Acceleration vs. Displacement Ductility 

C - 39 



1.4 

1.2 

1.0 -~ 
----0 0.8 >. 

~ 
"-' -.,., 
~ 0.6 E 
~ := 

0.4 

0.2 

0.0 

1.2 

1.0 

_0.8 
~ 
----0 
~>. 
"-' 0.6 -.,., 
~ 

E 
~ := 0.4 

0.2 

0.0 

- ""1 - - r - "1 - -1- - "1 - -1- - T - -1- - T - -1- - T - -1- - r - -I - - I - ""1 - - r - "I - - r - I - - I - "1 - -1- - "T - -1- - T - -1- - l 

- -I - - I- - -I - -1- - -+ - -1- - + - -1- - + - -1- - + - -1- - -!- - -I - - l- - --l - - I- - -l - - I- - -I - - 1- - -+ - -1- - -+ - -1- - + - -1- - ~ 

_ .J __ L _ .J __ 1 __ .J __ 1 __ 1 __ 1 __ 1. __ 1 __ 1 ____ 1. __ I __ L __ I __ L _ .J __ L _ .J __ 1 __ J __ 1 __ 1 __ 1 __ 1 __ 1 __ J 

~;~~-~-i:-~-~-~: :-~-~::-~-~~~-~-~:-~-~+~-~-~'~-~-~+~-~-~: -";-~T';-~-~' :-~-~-~: ~-.-::~-.-~-~-~-~: -~-~'-~-~-~':-~-~'-.-~-:' -~-~'-~--:=~~T~~~~ -: --- -j - - r - -t - -1- - --t - -1- - ;- - -1- - -t - - - - .... - - - - j- - -j - - r - -j - - 1- - -t - -1- - -t - -1- - + - -1- - 1 
__ • __ .1 __ 1 __ .L __ 1 __ L __ 1 __ L _ -1 __ L _..J __ L _.J __ 1 __ ...1 __ 1 __ ...1 __ 1 __ .1 __ 1 __ J 

I I I I I I I I I I I I I I I I I I I I I I I I 
I - - 1- - "I - - 1- - I" - -1- - I" - -1- - I" - - T - -1- - "I - -I - - I" - -I - - I - -I - - 1- - I - - 1- - "I - - - - I - -1- - T - -1- -

., - - r - "l - -1- - "I - -1- - T - -1- - T - -1- - T ~ -1- - r - -1- - r - -, - - r - -, - - r - "l - - 1- - I - -1- - -r - -1- - T - -1- - 1 

-I - - I-- - --I - -1- - --I- - -1- - -I- - -1- -l- - -1- - +. - -1- - -I- - -I - - 1- _ -l _ - I-- - -l - - I-- - --I - - 1- _ --I _ -1- _ -l- __ 1_ - +. - -1- - ~ 

_ J __ L _ J __ , __ J __ 1 __ ~ _ _ 1 __ 1 __ 1 __ 1 __ L ____ L __ I __ L _ -.J __ L _ J __ , __ J __ 1 __ J __ , __ 1 __ 1 __ -' 

1 1 1 I 1 1 I 1 1 I 1 1 1 1 I 1 1 1 1 1 J 1 I 1 1 1 
-"1 - -1- -"1 - -1- -"1 - -1- - I - -1- - T - -1- - T - -1- - r - -1- - r - -,- - I - -I - - r -"1 - -1- -"1 - -,- - I - -[- - T - -[- --, 

- --1 - - r_ - -t - -1- - -t - -[- - -t - -1- - + - -[- - + - -1- - t- - -I - - t- - -j - - r_ - _1 - - t_ - -t - - t_ - -t - -1- - -t - -1- - + - -1- - 1 
_..J __ L _.J __ 1 _ _ .1 __ 1 __ ..l __ L _.1 __ 1 __ .1 __ 1 __ L __ 1 __ L _..J __ L _...J __ L _.J __ 1 __ .J __ 1 __ J. __ 1 __ .1 __ 1 __ J 

, 1 I 1 1 1 1 1 1 I 1 1 I , I , 1 1 1 1 1 1 I 1 1 1 
- "I - - 1- - , - - 1- - "I - - 1- - 1 - -,- - I" - -1- - T - -I - -1- -I - -1- - 1- - -I - -1- -, - -1- -"I - -1- -"I - -1- - I" - -1--

- -j - - r- - -j - -1- - '1 - -1- - I" - -,- - T - -1- - T - -1- - t" - -I - - t- - --j - - j- - 1 - - I" - -j - - I" - '1 - -1- - I - -1- - T - -1- - 1 
_ ....J __ L _ ..l __ 1 __ .1 __ 1 __ .1- __ 1 __ J. __ 1 __ J.. __ 1 __ L __ 1 __ L _ ...J __ L _ ...J __ L _ .1 __ 1 __ ....J __ 1 __ .1- __ 1 __ J. __ 1 __ J 

I I I I I 1 I 1 1 1 1 1 1 I I 1 1 I 1 I I 1 I I I I 
-,- -1- -,- -1--'- -1--1--1"- -1- -1"- -1--1- -1"- -1--1- -1- -1--1- -,- -,- -1- -,- -1- -1"--'---1 

- -, - - r - "1 - -1- - "1 - -1- - T - -1- - T - -,- - T - -1- - r - -1- - r - 1 - - r - 1 - - r - "l - - ,- - "1 - -1- - I - -1- - T - -1- - 1 

- --I - - !- - ---I - - 1- - --I- - -1- - + - -1- - + - -,- - + - -1- - -l- - -I - - +- - --l - - I-- - -l - - I-- - ---I - - ,- - ---I - -1- - -l- - -1- - + - -J- - ..j 

_ J __ 1 __ J __ 1 __ -1 __ 1 __ .1 __ 1 __ .1 __ 1 __ .1 __ 1 __ L ____ L __ I __ L _ .J __ L _ .J __ 1 __ J. __ 1 __ 1 __ 1 __ .1 __ 1 __ 

1 1 I 1 1 1 'I 1 I I 1 1 1 I I 1 1 I I I 1 
-I - -1- - I - - - -"I - -1- - I - -1- - T - -1- - T - -1- - T - -1- -I - -1- - 1- -1- -,- -1- -1- -"I - -1- - I - -,- - T - -1- --I 

- -j - - t- - -t - -1- - -t - -1- - -t - -1- - 1" - -1- - T - -1- - t- - -I - - t- - -1 - - t- - -j - - I" - -t - - t- - -t - -1- - -t - -1- - t- - -1- - 1 
_....J __ L _.J __ 1 __ J __ 1 __ .1 __ 1 __ .1- __ 1 __ .L __ 1 __ L __ 1 __ L _..J __ L _...J __ L _.J __ 1 _ _ .1 __ 1 __ ..1 __ 1 __ ..l __ 1 __ J 

I I I 1 II' III' _.!.- __ ' __ ~ __ I __ ~ __ I __ ~_--.! __ I __ -.!. __ ! __ ..!. ____ ..!. __ I ___ I 
-1--'--1--'--'--1--1--'--1--1--1- 1 I 1 1 1 1 , I 1 I I I I I I 

- -, - - r - -, - -,- - , - -,- - T - -,- - T - -,- - T - -,- - r - -, - - r - -, - - r - , - - r - , - - r - , - - :- - : - -;- - ; - -:- - 1 

= ~ = =~ = ~ = =:= = ~= =:= = ~ = =:= = 1 = =:= = ~ = =:= = ~ = =:= = ~ = ~= = ~ =~ = =~ = ~ = =~ = ~1~Specimen1 ~; I I 1 I 1 1 1 I 1 1 1 1 1 I 1 I I 1 I 1 1 I , 
- 1 - -1- - r - -,- - I - -1- - T - -1- - T - -1- - T - -1- - T - -1- - r - -1- -,- - -1- -,- - r - -1- - r - -1- - I - -1- - T - -1- --I 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

u/ L\collapse 

--,--r-I--r-i--r-i--r-i--r-I--r-I--r-I--r-I--r-I--r-i--r-I--r-i--r-I--' 
--l--I---~--~-~--!--~--~-~--I---~--I---~--~-~--~--l--~-~--I---~--~-~-_~_~--~-~--I 

_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ ' 
1 , I 1 'I 1 I I 1 I I 1 I I 1 I I I I I I 1 I I I 1 

-~--r-~--r-~--r-~--r-~--r-~--r-~--r-~--r-~--r-~--r-~--r-~--r-~--r-~--

-~--r-~--r--j--r--1--r-~--r-4--t---j--r-4--r-4--r-4--r-4--r-4--r-4--r--j--1 

L_~ __ L_~ __ L_...J __ L_~ __ L_..J __ L_~ __ L_~ __ L_~ __ L_..J __ L_..J __ I 

I I I I 1 I I 1 1 I I 1 I 1 I r I I I 1 
=~5iiiJ~-=-:-:!~~~ I" - -I - - I" - -I - - I" - -I - - I" - -I - - I" - -I - - I" - -I - - I - -I - - I" - -[ - - I" - -I - - I" - -I - -

-L-~ __ ~_~ __ ~_~ __ ~_~ __ L_~ __ L_~ __ L_~ __ ~_~ __ ~_~ __ L_...J __ L_~ __ L_~ __ l 

__ L_~ __ L_J __ L_J __ L_J __ L_J __ L_J __ L_J __ L_J __ L_J __ L_J __ L_J __ L_J __ 
I I 1 I I 1 1 1 , 1 I 1 I I I I , 1 I I 1 I I I I 

--r-I--r-I--I-I--r-I--r-I--r-I--r-I--r-I--r-I--r-I--r-1--r-I--1 
-~--~---l--~---l--!--~--~---l--~-4--~-4--~-4--~-4--+--4--~-4--~-4--1 

L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ , 
I I 1 I I 1 I I 1 I I I I I I I 1 J 

-~--r-~--r----r-~--r-~--r-~--r-~--r-~--r-~--r-~--

--I"-I--r-I--j--I-- -I--j-I--r-I--j--I--r-I--t--,--r-i--j--,--j--I--r-I--I 
~';;~&$~_t=_:-~-~":'PAffi'~,"",~'-...J - - L _..J __ L _...J __ L _..J __ L _ ~ __ L _...J __ L _..J __ L _...J __ L _ ~ __ L _..J __ I 

1 1 I 1 I I I I 1 I I I II! I I I I I 1 I 1 1 
--r-~--r-l--r-l--r-l--r-~--r-l--r-~--r-~--r-~--r-~--r-~--r-~--r-~-

I--r--,--r-I--r--,--r--,--r--,--r-I--r-I--r-I--r-I--r-I--r--,--r-I--r-I--l 
~--I---~--I---~--I---~--I---~--I---~--L-~--~-~--L-~--I----l--L--l--I--_~ __ L_~ __ L_-l __ 1 
J __ L_J __ L ___ L_~ __ L_J ___ ~ __ L_J __ L_~ __ L_J __ L_~ __ L_J __ L_J __ L_J __ L_~ __ 

I 1 1 I 1 I I 1 I 1 1 I 1 I I 1 I I I I I I I I I I 
~--r-~--r-,--r-,--r-~--r-,--r-~--r-~--r-~--r-~--r-~--r-~--r-~--r-~--I 

-_1--t_-_1--r_-~--t_-~--t_-_1--r_-_1--t_-4--r-4--r-~--r-4--~-~--r-4--r-~--r-4--1 

_...J __ L _..J __ L _ ~ __ L _....J __ L _....J __ L _..J __ L _....J __ L _ .J,------':::::::--'-_-L-_-'---_L-----'_-'-_-'-_---':::_-'-_--'------,-J __ , 

- ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ _ Specimen 2 ...... Specimen 4 , 

- ~ = = ~ = ~ = = ~ = ~ = = ~ = ~ = = ~ = ~ = = ~ = ~ = = ~ = ~ = = ~ = ~ _ Specimen 6 0"~"~'~" Specimen 7 ~ = = : 
- ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ - - ~ - ~ - - I, - ~ - - ~ - J I &OZ!!m.W/,w Specimen 8 -+-Specimen 11 11--1 
-I--r-I--r-I--r-I--r--,--r-I--r--,--r-, _ r--1 
- --< - - f- - --< - - f- - --< - - f- - --< - - f- - --l - - f- - --< - - f- - --< - - f- - --< Specimen 12 ~ - - I 
_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ __ L_~ _____________________________ J __ , 

I 1 I 1 I I I I I I 1 I I 1 I I 1 1 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 

FIGURE C-12 Normalized Absolute Acceleration vs. 
Normalized Residual Displacement 

C -40 



1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

1.0 

0.8 

0.2 

(c) iiT-max/(Vyo/W) vs U/~ollapse (0.3<8~O.5) 

- - 1- - -,- - -, - - ..,. - - T - - I - - ,- - -,- - -, - - -, - - l' - - T - - I - - ,- - -1- - -, - - -, - - T - - r - - r - -1- - -, - - -, - - 1 

I I I I I I I I I I I I I I I I 1 I I I I I I I 
- -1- - -1- - -I - - I" - - "I - -"I - - ,- - -1- - -,- - "I - - I - - T - - I - -,- - -,- - -, - - "I - - "I - - "I - - ,- - -1- - -1- - -I - - -, 

__ t ___ 1 ___ I __ -.l __ ~ __ L __ 1 ___ 1 ___ I __ -.J __ 1 __ .l __ L __ 1 ___ 1 __ -' __ .J __ ..L __ L __ L __ 1 ___ I __ -.J __ J 

- -1- - -1- -....j- - ~ - - -I- - -1- - -1- - _1_ - -1- - -1- - -+ - -.j... - -I-- --1- __ I __ ---.j_ - -1- -../.. - -1- - -I- - -I - -1- - -1----1 
I I I I I I I I I I I I I 

- J - - '1 - - "I - - r- - -1- - -1- - 1- - "1 - - i - - r- - - r- - -1- - -1- - I - -"1 

I I I I I I I I I I I I I 
- - I" - - T - - "I - - ,- - -,- - - - - I - - I - - T - - I - - ,- - -1- - -, - - I - - T - - I - - ,- - -1- - -, - - -, - - J 

___ J __ J __ 1 __ ~ __ , ___ 1 _____ J __ J __ i.- __ 1 ___ , ___ 1 ___ I __ J __ 1 __ L __ L _______ J __ J 
I I I I I I I I I I I I I I I I I 1 1 1 1 

__ 1 ___ 1 __ ~ __ J __ .1 __ L __ L. __ 1 ___ I __ .J __ ..1 __ 1. __ L __ 1 ___ 1 __ ~ __ .J __ .1 __ L __ L __ 1 ___ I __ .J __ J 

1 1 1 1 1 1 1 1 
- -1- - -1- - -j - - -+ - - + - - t- - - 1- - -1- - -1- - --I - - -+ - - +- - - f- - - 1- - -1- - -j - - -+ - - + - - t- - - f- - -1- - -1- - --I - - -l 

~ I I ~ ~ T .,. -~--~--~--:---:--~--~ 
1 1 1 1 1 1 1 1 I I I 1 1 1 1 1 I 1 1 1 1 1 1 
1 - -I - - I" - - I - - "I - - 1- - - 1- - -I - - -I - - I - - T - - I" - - 1- - -1- - -I - - I - - "I - - "I - - 1- - -1- - -I - - -I - - -I 

__ 1 ___ 1 ___ I __ .J __ ..L __ L __ 1 ___ 1 ___ 1 __ -.l __ ..1 __ 1. __ L __ 1 ___ 1 ___ I __ .J __ ..L __ L __ L __ 1 ___ I __ ..J __ J 
, 

- -1- - -1- - -I - - -f. - - -+ - - +- - -1- - -1- - -1- - -l - - -t - - .j.. - - I- - -1- - -1- - -1- - -f. - - -+ - - l- - - I-- - -1- - -1- - --l - --l 
I 1 1 1 I 1 1 I 1 I 

- -1- - -1- - """'1 - - ., - - T - - r - - 1- - -1- - -1- - ..., - -.,. - - T - - r - -1- - -1- - ~ - - .., - - T - - r - - r - -1- - -1- - ..., - - I 

1 I 1 1 1 1 1 1 I 1 1 
- -1- - - - - -1- - I T - - 1,- - - - --;::-,- - -,- - J - -. - - T - - 1- - -1- - - - - -1- - I - - T - - 1-

__ 1 ___ 1 ___ 1_ _ 1. __ l.. __ 1 ___ 1 ___ 1 __ J __ J. __ t _____ 1 ______ 1 __ J _ _ 1 _ _ l.._ • Specimen Sb 

....... Specimen9 
1 1 1 1 I I 1 1 I 1 1 1 1 I 1 1 1 I 

__ 1 ___ 1_ _ _ -l __ .L __ .L __ 1 ___ 1 ___ 1 __ ....I __ J __ 1. __ L __ 1 ___ 1 __ ~ __ .J __ J. __ .L_ 

1 1 1 1 I I 
- -1- - -1;- - -1 - - -+ - - T - - t- - - 1- - -1- - -I - - --I - - -+ - - +- - - t- - - 1- - -1- - -j - - -+ - - + - - t- -

1 1 lei I 1 1 1 1 1 1 1 1 1 1 I 
- 1- - ., - - T - - r - - 1- - -1- - -1- - ..., - - I - - T - - [ - - 1- - -1- - 1- - ., - - T - - r -

1 1 I 1 1 1 1 I 1 1 I 1 1 I 1 1 
- -I - - "I - - ., - - ;- - - 1- - - 1- - -I - - I - - "I - - I - - 1- - - 1- - - -I - - -; - - I - - I -

0.0 0.1 0.2 0.3 0.4 

U/~ollapse 

Specimen lOb 

....-Specimen 13 

0.5 0.6 

- - r - -1- - -1- - -1- - J - - l - - I - - T - - I - - r - - r - -1- - -1- - -1- - J - -..., - - I - - T - - T - - r - - r - -1- - -1- --i 

I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
- -1- - -1- - -1- - -1- - -1- - '1 - -I - - T - - I - - 1 - -1- - -1- - -1- - -1- - -1- - I - - I - - T - - T - - 1- -1- -1- - -1- --I 

I I 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 
- - 1- - - - - -1- - -I - - -I - - I - - I - - I - - I - - ;- - - 1- - - -I - - -I - - I - - I - - I - - T - - ;- - - 1- - - 1- - -1- - -

__ 1_ _ _ _ _ I 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 I 1 
I - -I - - I - - 1 - - I - - I - - 1 - - 1- - - - - - -I - - -I - - 1 - - 1 - - , - - 1 - - 1 - - 1- - - 1- - -1- - -

__ 1 ______ 1 ___ 1 __ -.J __ .J __ J. __ 1. __ L __ L __ 1 _________ 1 ___ 1 __ .J __ J. __ 1. __ .L __ L __ L __ 1 ___ 1 __ _ 

1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 
__ 1 ___ 1 ___ 1 ___ 1 __ -1 __ .J __ .J __ 1. __ 1.. __ L __ L __ 1 ___ 1 ___ 1 __ -.J __ .J _ _ .1 __ .L __ 1. __ L __ L __ 1 ___ 1 ___ I 

, 
__ L __ 1 ___ 1 ___ 1 __ --l __ ...l __ ..l __ .L __ L __ L __ L __ 1 ___ 1 ___ 1 __ ~ __ .J __ J. __ J. __ J... __ L __ I- __ 1 ___ 1 ___ I 

1 1 1 I 1 1 1 1 1 1 1 
- - f-. - -1- - -1- - -1- - -1 - - -+ - - -t - - + - - +- - - I- - - f- - -1- - -1- - -1- - -1 - - -l - - ....j. - - + - - +- - - I- - - f- - -1- - -1- - -I 

I 1 1 1 1 1 1 1 1 1 1 
- - r- - -1- - -1- - -1- - -j - - -t - - -+ - - + - - t- - - t-- - - r- - -1- - -1- - -1- - -1- - --I - - -+ - - + - - +- - - f- - - f- - -1- - -1- --I 

I 1 1 1 1 1 1 1 1 1 
- -I - -1- - -1- - -1- - j - - I - - 1 - - j - - -r- - - I - -I - -1- - -1- - -1- - J - -..., - - 1- - l' - - -r - - r- - -I - -1- - -1- --I 

1 1 1 1 1 1 1 1 1 
- - r - -1- - -1- - -1- - J - - '1 - - I - - T - -"I - - r - - r - -1- - -1- - -1- - J - -..., - - I - - T - - T - - r - - r - -1- - -1- --I 

1 1 1 1 I 1 1 1 1 I I I 1 1 1 1 1 1 1 1 1 I 1 I 
- - 1- - -1- - -1- - -1- - I - - '1 - - I - - T - - I - - r - -1- - -1- - -1- - -1- - -I - - I - - I - - T - - T - - r - - I - -1- - -1- - -I 

I 1 I 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 
- 1- - - -1- - -I - - I - - I - - I - - I - - I - - 1- - - -1- - -I - - I - - I - - I - - T - - I" - - 1- - -1- - -1- - -

__ I ___ I ___ I _____ -..I __ ~ __ J. __ J.. __ .!... __ !... __ I__ 1 I 1 1 1 1 1 1 1 1 
1 1 1 1 I 1 1 I I 1 --1---1--1--1--'--1--1--1---1---1---

= = t =~ __ : __ ~ __ ~ __ ~ __ ~ __ ~ __ ~ __ ~ __ :_ ~ =i= = =: = = j = = j = = 1 = = ! = = t = = t = = t = =:= = =i= = =: 
I 1 I 1 1 1 1 1 1 1 1 I 1 I 1 I 1 1 1 1 1 I 1 I 

__ L __ 1 ___ 1 ___ 1 __ -1 __ ...l __ ..l __ 1.. __ J... __ L __ L __ 1 ___ 1 ___ 1 __ .....l __ .J __ J. __ ..L __ J... __ L __ I- __ I- __ 1 ___ I 

1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 
- - 1- - -1- - -1- - -1- - -1 - - --t - - -t - - + - - +- - - I- - -I-- - -1- - -1- - -1- - -1 - - -l - - -t - - + - - +- - - I- - - I- - -1- - -1- - -I 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

= =: -=i= = =i= = =i= =: = = 1 = =: = =: = =: = =: = =: = =:= = =i= = =:= =:= =: = =: = =: j~~ecrmel~ 14: f = =: 
0.0 +--' --'--'--T'--'---' --'----,'---' --'--'--,' --'--'---' ---,'--'---' ------,--------, 

0.0 0.1 0.2 0.3 0.4 o.S 0.6 

FIGURE C-12 (cont'd) Normalized Absolute Acceleration vs. 
Normalized Residual Displacement 

c -41 



1.4 

1.2 

1.0 

.-
~ 

0.8 -0 
>. 

;;, 
'-' -.., 

" 0.6 E ,.:. := 
0.4 

0.2 

0.0 

(e) UT_max/(Vyo/W) vs. ur/Acollapse - all specimens 

- r- - I -1- -1- -1- -1- -1- -1- -, - 1- -, - -, - "1 - "'T - T - T - T - r - r - r - r - r - ,- -,- -1- -1- -,- -,- -,- -1- -, - --, - I - -, - I 
_ L _ L _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ I _ ..J _ ..J _ ..J _ ..1 _ ..l _ .1 _ .1 _ 1. _ L _ L _ L _ L _ L _ 1 __ 1 __ t __ 1 __ 1 __ 1 __ 1 __ 1_ ...J _ ..J _ ..J _ ..1 _ J 

I I I I I I I 
- 1- - ,- -1- -,- -1- -1- -,- -1- -, - -I - -I - I - "I - "I - 1" - T - T - T - T - - - 1-1- - 1- - - -,- - - -1- -,- -1- -1- -I - -I - -"1 - -, 

-\-- -1- -1- -1- -1- -1--1-_1 __ 1_-1_ -1--1- -1--+ - -+ - -I- --I- _+ - +_ +- -I- -1----1- -1- -I - -/--1 

I I I I I I I I I I I I I I 
-1--1--'--'--'--'--1- --------- -1--1--'--'- -1--1--1-

- --1 - -f - -j - -+ - + - + - + - + - +- - 1-- - I-- - I-- - 1- -1- -1- -1- -1- -1- -1- -1- -f - --t - -i - -i - -I 

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 
- ,- -,- -1- -,- -,- -1- -,- -, - -I - "I - "I - I - "I - I" - "'I - I" - 'I - I - I - ;- - ,- - ,- -,- -1- -1- -1- -1- -1- -I - -I - "I - "I - -I 

- r- -1- -1- -1- -1- -1- -1- -[ - ""1 - ""1 - ---j - ---j - --t - T - 1" - 1" - t" - I - I - r - r- - I" -1- -1- -1- -1- -1- -1- -1- ""1 - ""1 - ... - -t - "1 

_1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1_ _ _I_..J _.J _...1 _..1_..1_.L _1_1_ L _ L _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ [ __ 1 __ 1 __ 1_ -' _..J _..J _ J 
1 1 1 1 1 1 I 1 1 1 1 1 1 1 1 1 [ 1 1 1 I 1 1 1 

- 1- -, - -, -"'T - T - T - T - T - r - r - r - r - r -1- -1- -1- -[- -1- -1- -1-"""1- 1-1-"1-"1 
_1 __ 1 __ 1 __ I _ ~ _ ~ _ ..J _ ..J _ J. _ J. _ J.. _ 1. _ 1. _ L _ L _ L _ L _ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1_ ~ _ ..J _ ..J _ .J _ ...J 

1 1 1 1 I 1 

1:.....:..-~.:.~.,...~..., .... ~~ .... ~":'! I - I - T - T - T - r - r - I - r -1- -1- -1- -1- -1- -1- -1- -1- -I - -, - t - 1 - l 
• _ -l _ _ --i _ ~ _ ~ _ J..- _ J..- _ J..- _ .t.... _ I- _ !- _!- _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1_ --1 _ --I _ --I _ -l _ ..J 

I I I 1 1 1 1 I 1 1 I 1 I I 1 1 1 1 1 I I I I I 1 1 
- - -I - -I - -I - "I - I - "I - "I - T - T - 'I - 'I - 'I - I" - 1- - - 1- -1- -1- -1- -1- -1- -1- -I - -I - "I - I - -I 

-~-~-~-~-~-~-4-+-+-+-+-.-.-~-~-1 

1 1 1 1 1 1 1 1 1 I 1 1 1 1 
~---~-~-~-~-1-T-T-T-r-r---r-

r:f~;;;;;:;:;;:::;:;:;:;:::=~--! - --t - --t - -+ - + - + - + - +- - t- - t- - t- - t- -j _J_J_l_l_l_l_l_L_L_L_L_ 
1 I 1 1 1 1 1 1 

- 1- -1- -1- -1- -1- -1- -1- -I - -I - -I - -I - ..-i 

1 1 1 1 1 1 1 1 1 1 1 1 
- 1- -1- -1- -1- -[- -1- -1- -I - -I - "I - "I - -I 

-1- -1- -1- -1- -1- -1- -1- -;- -1- -t - --t ---j 

_1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1 __ I _ -' _ J _ J _ J 
1 1 [ [ 1 

-1- -1- -1- -1- -1- -1- -1-""1- -, - -, - -, - j 

_ L _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ I _ ..J _ ..J _ .J _ J 

I I I 
-1- -1- -1- -1- -1- -1- -1-"""1-I-I-l--, 
_1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1_...1_..J _.J _.J _...J 

1 1 1 lit 1 1 I 1 1 I 1 1 
-I - -I - -I - "I - I - "I - T - T - T - 'I - "I - I" - I" - 1- - 1- -1- -1- -1- -1- -1- -1- -1- -I - -I - I - I - -I 

_1 __ 1 __ 1 __ 1_ -,' __ I - -I _ -I _ --I _ --I _ -+ _ -+ _ -I- _ -l- _ -l- _ J..- _ I- _ I- _ I- _ I- _1 __ 1 __ 1 __ 1 __ 1 __ 1 __ 1_ --I _ -I _ -I _ ...J - --I 

1 1 I 1 1 1 1 1 1 1 1 1 I [ 1 I 1 1 1 I 1 1 1 1 1 1 1 I 1 1 I 
1 -1- -I - -I - -I - "I - "I - "I - I" - I" - -;- - I - I - 'I - I" - 1- - 1- -1- -1- -1- -1- -1- -1- -1- -I - -I - "I - "I - -I 

- r - [- - 1- -1- -1- -1- -[- -1- -I - --l - -I - -t - --I - -+ - + - + - + - +- - +- - t- - I- - f- - 1- -1- -1- -1- -1- -1- -1- -1- --l - -I - -I - -t - --! 
_; __ 1 __ 1_ ,, __ 1 __ 1 __ 1 __ 1 __ I __ I _ -' _ -' _ ..! _ .1 _ J. _ 1. _ 1. _ !. _ !. _ L _ L _ 1 __ 1 __ 1_ _1 __ 1 __ 1 __ 1 __ 1 __ I _ -' _ -' _ J ~ J 

1 1 I 1 1 I 1 I 1 I 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 1 [ I I 1 1 1 [ 1 
- r- - 1- -1- -1- -1- -1- -1- -1- -[- I - ""1 - ""i - -t - -t - T - i - 1" - "I - I - I - r- - t- - 1- -1- -1- -1- -1- -1- -1- -1- ""1 - ... - ""i - "1 - "1 

0.0 0.2 0.4 

~Specimen 1 
A Specimen 5b 

-+w=" Specimen 8 
-+-Specimen 11 
~""t+.;"'~' Specimen 14 

0.6 0.8 

_Specimen 2 
_Specimen 6 
-Specimen 9 
_ Specimen 12 

1.0 1.2 

~Specimen4 

Specimen 7 
Specimen 10b 

..... Specimen 13 

FIGURE C-12 (cont'd) Normalized Absolute Acceleration vs. 
Normalized Residual Displacement 
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(c) UT-max/(Vyo/W) vs. drift (0.3<SS;O.5) 
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