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A B S T R ACT 

Short column failures have been observed following many 

earthquakes. Short columns can generally be limited to cases where 

the shear span-to-depth or thickness ratio is less than about 3. 

There has been research conducted on such members but many variables 

have not been evaluated systematically. 

A series of ten short columns with rectangular sections 

(9Xl6 in.) were tested in this study and compared with the results 

of square columns (l2Xl2 in.). Loading history and level of axial 

load were the main variables. Columns with square sections were 

tested under cyclic bidirectional lateral loadings and reported 

previously by other researchers. Based on the tests, it was con­

cluded that the maximum capacities of columns subjected to diagonal 

unidirectional loading could be estimated by an interaction line 

(circle or ellipse) connecting the maximum capacities of the column 

under unidirectional loading along the principal axis. In addition 

to strength considerations, short columns must be evaluated in 

terms of their energy dissipating (hysteretic) characteristics. 

An empirical equation for the shear strength of columns was 

derived using data from continuous beams failing in shear. The 

equation was calibrated using results of short column tests. The 

equation is a function of the shear span-to-depth ratio, the con­

crete strength , the core area of the column and the axial load. 

The effect of transverse reinforcement was not included because the 

short column t ests indicated that increased amounts of transverse 

reinforcement had a minimal ~nfluence on shear capacity. More than 

70 percent of the total shear capacity was contributed by the con­

crete. To prevent rapid strength degradation, the shear capacity 

of a column must be greater than the capacity corresponding to the 
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development of flexural hinges at the ends of the columns. 

Columns evaluated using existing procedures for shear strength did 

not always exhibit satisfactory strength and energy dissipating 

characteristics~ An evaluation of columns meeting the proposed 

shear criteria showed that strength and energy dissipating capaci­

ties were maintained under severe reversed loading conditions. 
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concrete area of horizontal section Av/bs

h 

P ratio of longitudinal tension reinforcement, A Ib d 
wsw 

a standard deviation 

a
b 

axial stress at balanced stress conditions 

qc concrete stress of th~ compression field 

aN concrete stress under axial compression 

xx 



C HAP T E R 1 

INTRODUCTION 

1.1 Background 

In Japan the 1968 Tokachi-oki earthquake, and in the U.S. 

the 1971 San Fernando earthquake caused significant damage to the 

reinforced concrete buildings designed according to modern codes 

I
. 1,2,3 

and representing state-of-the-art construction teclo1ques. 

These earthquakes motivated study of the behavior of structures 

and members under multidirectional load reversals. 4 ,S,6,7 

Post-earthquake observations have indicated that severe 

damage to structures was due to instability of columns under large 

deformation and shear distress in short columns. Columns failing 

in a shear mode must be avoided if possible because of their 

unstable hysteretic behavior with degradation of stiffness and 

strength under seismic loading. However, short columns often 

result from the placement of nonstructural walls or other 

appurtenances which reduce the clear height. Columns of this type, 

called "captive" columns~ tvhich fail in shear have been reported 
28910 . 

following severa 1 earthquakes. ' " Flgure 1.1 shows an example 
2 

of a captive column damaged by earthquake. A short column is 

defined as a column with clear height-to-depth ratio less than 5 

for the purposes of this report. 

Although ground accelerations are three-dimensional in 

nature, the study of members under bidirectional loadings has 

received little attention. There have been several experimental 

and analytical studies on the behavior of columns under seismic 

loading, especially long columns in which the flexural mode of 

1 



2 

Fig. 1. 1 Tokachi-oki earthquake 



failure dominated. 
11 

The use of a "discrete element method" to 

calculate moment-curvature relationships helped to explain the 

flexural characteristics of reinforced concLete columns subjected 
12 13 

to load reversals in the inelastic range.' Behavioral models 

have been developed including one-dimensional bilinear, and tri­

linear models and models with degrading stiffness. This concept 

has been extended into two-dimensional models using plastic 
14 15 

theory.' These models appear to correlate well with experi-

mental results of columns subjected to bidirectional bending 
, fl' d b fl 16,17,18 moments, and WLlose ai ure is donunate y exure. 

On the other hand, very few studies have been conducted 

3 

on reinforced concrete columns failing in shear. Generally, from 

empirical studies it is clear that lateral force is transferred by 

shear and compressi.ve stresses in the concrete, aggregate interlock, 

dowel action of the longitudinal reinforcement, and transverse 

reinforcement. 19 However, no effective analytical method has 

yet been established for treating shear behavior in a manner 

similar to the moment-curvature concept for flexural behavior. 

For short columns, only the Building Research Institute 

of the Ministry of Construction in Japan has conducted a large 

and well-organized project concerned with the shear behavior of 

short reinforced concrete columns under unilateral inelastic 

load reversals. This project was conducted over a five-year 

period (1973-1977) and about four-hundred specimens were tested. 

Many parameters which were considered to influence the behavior of 
. 20 21 

columns were exam~ned.' However, as mentioned before, ground 

accelerations are three-dimensional and tests of short columns 

under bidirectional loadings are needed. 

1.2 Outline of Investigation 

The current study is part of a large investigation of the 

shear behavior of reinforced concrete frame elements subjected to 



4 

cyclic bidirectional deformations. Studies of short columns and 

beam-column joints are underway. This report covers short columns 

only. 

The investigation on short columns in The University of 

Texas at Austin started in 1975 and three series of tests have been 

previously reported. 

d
. 22 

The first study was reporte by Maruyama. The principal 

objective was to study the influence of bidirectional lateral 

deformation histories (shown in Fig. 1.2) on square, symmetric 

columns without axial load. The conclusion of this study was that 

previous loading in perpendicular directions did not significantly 

affect the maximum shear strength of the columns unless the maximum 

deflection of any previous loading exceeded the deflection at which 

the maximum shear strength of columns under monotonic loading was 

reached. Figure 1.3 shows that the maximum shear strength for 

several different histories was reached at a deflection of about 

0.6 in. -the def lection at "'7hich the capacity under monotonic 

loading was reached. 

Th d d d b 
. 23 

e secon stu y was reporte y Ramlrez. The principal 

objective was to study the influence of varying axial load, 

constant compression, constant tension, and varying compression 

and tension as shown in Fig. 1.4. The specimen geometry was the 

same as Maruyam2 used. The conclusions of this study were: 

(1) Constant compressive axial loads (N= O.4Pb) appeared to 

accelerate shear deterioration as shown in Fig. 1.5. 

(2) Constant tension decreased shear deterioration but 

substantially reduced the shear capacity and stiffness 

as shmvn in Fig. 1.6. 

(3) The effect of tension alternately with compression was 

reflected as a reduction in shear and stiffness, but 
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only during that part of the loading history where 

tension was imposed as shown in Fig. 1.7. 

The third study was reported by woodward. 24 The principal 

objective was to study the influence of varying longitudinal and 

transverse reinforcement in square columns as shown in Fig. 1.B . 

The conclusion of this study was that although columns with 

smaller tie spacings exhibited a more stable hysteretic load­

deflection relationship, it was difficult to achieve hysteretic 

behavior governed totally by flexure. Reducing the tie spacing 

did not substantially improve the lateral capacity of the specimens 

(low shear span-to-depth ratio) as shown in Fig. 1.9. 

1.3 Objective and Scope 

All three previous studies dealt exclusively with square 

column sections. In order to generalize the conclusions of those 

studies, columns with rectangular (unsymmetric) sections must be 

investigated. It is anticipated that the behavior of a rectangular 

section cannot be adequately represented by the results obtained 

from a square section. This is especially true for the shear 

capacity of a rectangular section loaded in some arbitrary diagonal 

direction. 

The first phase of this study consisted of tests of a 

series of ten short columns with rectangular sections (9X16 in.). 

The results of the rectangular columns were compared with the 

results of square columns (12x12 in.) tested in previous series. 

In the rectangular column test program, loading history and level 

of axial load were chosen as the main variables. 

The second phase of this study involved an evaluation of 

data from tests of beams and columns failing in shear. The objec­

tive was to develop recommendations for evaluating the strength of 

short columns. Based on data from continuous beams with 1 said 

s 2.5 which failed in shear, an equation for shear strength was 
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derived. The equation was used to calculate the shear capacities of 

short columns tested at the University of Texas and in Japan. 

Although a designer should avoid the use of short columns 

in any structural configuration, there may be cases where no other 

options exist or where he wishes to evaluate an existing column. 

Therefore, a design approach for short columns was developed by 

simplifying the shear equation. The simplified equation is a 

function of the aid ratio, the concrete strength, and the level of 

axial load. The suggested procedure takes into account not only 

strength, but also deterioration of capacity under cycling to 

large deformation. A short column designed using this approach 

would be expected to maintain shear capacity under static or 

unidirectional reversed loading. 



C HAP T E R 2 

TEST SPECIMEN AND LOADING HISTORY 

2.1 Specimen Details 

Ten short columns with rectangular cross sections (shown 

in Fig. 2.1) were tested in this study. The specimens were 

designed so that the results could be compared with the results 

of square colunms (shown in Fig. 2.2) tested in the previous 
22 . 23 24 

three investigations by Maruyama, RamIrez, and Woodward. 

The area (Ag= 144 in~) of cross section and the transverse rein­

forcement ratio (~1 ~ 0.3 percent) were kept almost the same as in 

the square columns. Ten #6 (19 mm) longitudinal bars were used 

with the intent being to provide flexural capacity in excess of 

the shear capacity in both the strong and weak directions of the 

rectangular column. For calculation of flexural and shear 

capacities, the 1977 ACI Building Code was used. Details are 

discussed in Chapter 7. 

The cross section of the test specimen waS a 2/3-scale 

model of a prototype column. The prototype column has a 13.5 in. 

(34 em) X 24 in. (61 em) rectangular section with ten 119 (28 mm) 

longitudinal bars (p ~ 0.031) and #3 bars for the transverse 
g 

reinforcement. Cover in the prototype is 1-1/2 in. (3.8 cm). 

With the 2/3-scole factor, #6 (19 mm) longitudinal bars were 

used and cover was reduced to 1 in. (2.5 cm). The column height 

tvas reduced to 36 in. (0.9 m). For transverse reinforcement, 

6 mm deformed bars were used. The spacing of transverse 

reinforcement was set at 3.5 in. (8.9 em) in a 2/3-scale model. 

15 
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The column was bounded at each end by large blocks cast 

monolithically with the column. These blocks served two functions: 

(1) anchorage for the column longitudinal bars, and (2) attachment 

of the column to the loading system. 

2.2 Materials 

2.2.1 Concrete. The concrete for each cast was obtained 

from the same local readymix plant. The mix proportions were as 

follows: 

Concrete Mix Design (5000 psi) 
Proportions for 1 yd~ 

Water 220 lb.} 
Cement 5-1/2 sacks 520 lb. 

Fine aggregate 1500 lb . 

Coarse aggregate 1800 lb. 
(max. size 5/8") 

Airsene L 25 oz . 
(water-reducing admixture) 

w/c 0.42 

A relatively high slump concrete was necessary because of 

congestion of reinforcement in the form and the need to ensure 

proper placement of the concrete without excessive vibration. 

The concrete was purposely ordered with a slump less than the 

desired 7 in. and water was added on site prior to casting to 

achieve the required slump. Six control cylinders were cast with 

each specimen. To minimize concrete strength variations, two 

specimens were cast at a time. 

2.2.2 Reinforcement, #6 (19 mm) deformed bars were used 

for longitudinal reinforcement and 6 mm deformed bars f or 

transverse reinforcement. Samples of the deformed bars were tested 

to obtain yield stress, ultimate stress and the stress - strain 
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relationship. Stress-strain curves for the reinforcement are 

shown in Fig. 2.3. (Instrumentation on 6 mm bars failed at a 

strain of about 0.005.) 

The material properties in each specimen are summarized 

in Table 2.1. 

2.3 Deformation Path and 
Loading History 

The current investigation is the fourth in a series of 

studies on short columns. Square column sections were used in 

the previous three investigations. In the first investigation,22 

the effect of deformation path shown in Fig. 1.2 was studied. In 

the second investigation,23 the effect of axial load on the 

hysteretic behavior of the column was studied under unidirectional 

and bidirectional loading histories. In the third investigation,24 

th~ effect of longitudinal and transverse reinforcement on the 

hysteretic behavior of the column was studied, and bidirectional 

deformation along the diagonals was chosen. In order to make 

comparisons with the results of the square column tests, the 

selection of loading history, and level of axial load in the 

current investigation were limited to cases used in the previous 

tllree investigations. 

2.3.1 Deformation Path. Deformation paths shown in 

Fig. 2.4 were chosen. There are seven types of deformation 

paths which can be divided into two groups. In the first group, 

deformation paths i.n Fig. 2.4 (a) to (e), the ultimate shear 

capacities of rectangular columns under principal and skewed 

directions were ascertained. In this case, unidirectional loading 

was used. In the second group, deformation paths in Fig. 2.4 (f) 

and (g), the influence of previous loading in another direction on 

the ultimate shear capacity of rectangular columns was studied. 
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TABLE 2.1 MATERIAL PROPERTIES 

REINFORCEMENT 

Nominal Yield 
Bar Bar Area Stress 

(in. 2) (ksi) 

6mm 0.05 60.0 

It6 0.44 64.0 

CONCRETE 

f' Age 
Specimen c 

(psi) (days) 

OUS 5810 184 

OUW 5820 212 

CMS 6090 77 

CUS 5060 55 

CUW 5060 84 

2CUS 6090 73 

CDS30 6180 90 

CDillO 6120 69 

CBSW 5090 74 

CDSillO 5090 81 

Ultimate 
Stress 
(ksi) 

80.0 

108.0 

Slump 
(in. ) 

5-1/2 

5-1/2 

8 

8 

8 

8 

6 

6 

10 

10 

21 
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monotonic 

(a) CMS 

30 0 from strong axis 

(d) CDS30 

bidirectional 

(f) CBSW 

strong 

OUS 
CUS 

(b) 2CUS 

weak 

OUW 
(c) CUW 

30° from weak axis 

N 
(e) CDW 30 

diagonal bidirectional 

(g) CDSW30 

Fig. 2.4 Deformation paths 
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2.3.2 Loading History. In the previous three 

investigations, the deformations were cyclically reversed between 

incrementally increasing deflection limits. Within each deflection 

limit, the specimen was cycled three times. The first deflection 

limit (0.2 in.) was set by using observed deflection at the point 

of yielding in the column longitudinal reinforcement (at the end 

block-column interface) and the same limit was applied to all square 

columns. In the current investigation, different deflection limits 

were set for each loading direction because the section was not 

symmetric. The first deflection limit was set as the observed 

deflection at the point where strain reached half of yield in the 

column longitudinal reinforcement in either direction (strong or 

weak) of a rectangular column without axial load. Half of yield was 

selected in case shear failure occurred before the flexural rein-

forcement started yielding. In the strong direction, 0.2 in. was 

chosen for the first deflection limit. In the weak direction, 

0.16 in. was chosen. Figure 2.5 shows the loading histories in 

the principal direction. Figure 2.6 shows diagonal loading 

histories. Whcn the first deflection limit in the diagonal direc­

tion is set, the deflection limit in the other principal direction 

is automatically set because the angle in which the deformation is 

to be applied is also set. Therefore, in the case of loading 300 

from the strong axis, a 0.2 in. deflection limit in the strong 

direction was used resulting in deflection limit along the diagonal 

direction of 0.23 in. In the case of loading 30
0 

from the weak 

axis, a 0.16 in. deflection limit in the weak direction was used 

resulting in a deflection limit along the diagonal direction of 

0.18 in. The number of cycles at each level (three cycles) was not 

changed in any tests. 

2.3.3 Axial Load. Ramirez 23 studied the effect of constant 

tensile or compressive axial load and alternating tensile and 

compressive axial load. Only one compressive axial load (120 kips) 
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was used. A loading of 120 kips (830 psi on the gross area of the 

column) was 40 percent of axial load at balanced strain condition 

Pb' Therefore, 0.4 P
b 

was chosen for the axial load on the 

rectangular columns. Figure 2.7 shows interaction curves for 

bending about four different axes. Note that all curves have 

almost the same P
b 

(300 kips). Therefore, 120 kips was chosen for 

the axial load level. In one specimen a load of 240 kips was 

imposed in order to investigate the influence of higher axial 

compressive load on column behavior. Eight of ten specimens 

were subjected to compressive axial loads, because the presence 

of compressive axial loads would appear to be more representative 

of the loads generally present on a column in a structure. 

2.4 Description of Test Specimens 

Ten specimens ~vere included in the current investigation. 

Axial load and deformation path were the main variables in the 

test program. Two specimens had no axial load, seven specimens 

had 120 kips axial load, and one specimen had 240 kips axial 

load. Six specimens were subjected to principal unidirectional 

loading (strong or weak direction), two to diagonal unidirectional 

loading (30
0 

from strong direction or 30° from weak direction), 

and two to bidirectional loading (principal directions or diagonal 

directions). Details are shown in Table 2.2. 

2.5 Notation 

To simplify discussion of the test specimens, a notation 

consisting of a three-group code was used. The general form of 

the notation is: 

ALX 
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A level of axial load 

o = no axial load 

C .:::: 120 kips axial compression 

2C = 240 kips axial compression 

L loading pattern 

M 

U 

B 

D 

monotonic 

unidirectional} 

b Od" " 1 only principal direction l l.rectlona 

= diagonal (including unidirectional and 
bidirectional) 

X loading direction 

S = strong direction 

W weak direction 

S30 ~ 30 0 from strong direction 

W30 ~ 30 0 from weak direction 

SW strong and weak directions 

sIno 30 0 from strong direction and 30 0 from weak 
direction 

The specimens listed in Table 2.2 are identified using this 

notation. 
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C HAP T E R 3 

LOADING SYSTEM AND INSTRUMENTATION 

3.1 Loading System 

The loading system consists of a reaction frame and a 

hydraulic system including two lateral loading rams, one axial 

loading ram, and three pairs of rams to control the rotation of 

the specimen ends. A picture of the loading system is shown in 

Fig. 3.1. 

3.1.1 Reaction Frame. The loading system is positioned 

on the reinforced concrete floor-wall reaction system shown in 

Fig. 3.2. Details of the loading frame are shown in Fig. 3.3. 

The floor--';vall reaction system consists of a structural tie-down 

floor and two orthogonal buttressed walls. The walls provide a 

base for rams loading the specimen horizontally in two orthogonal 

directions, while the floor provides a basis for anchoring the 

reaction frame to apply axial load to the specimen. The loading 

frame has three main components: (1) a fixed base placed on the 

floor of the floor-wall system, and providing fixity to the 

lower end of the specimen; (2) a loading head similar in shape to 

the fixed base which is attached to the upper end of the specimen and 

through 'oJhich lateral deformations and axial loads are applied; 

(3) a loading frame to support the axial loading ram and transfer 

reactions to tile floor. 

3.1.2 11ydraulic System. The hydraulic system consists 

of two different components. 

The first system is the closed-loop hydraulic system 

which has three loading rams, three actuators, and a central 

31 
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Fig. 3.1 Test set-up 
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hydraulic pump. lis shown in Fig. 3.3, two loading rams are used 

for the application of lateral displacements and one for vertical 

load. ServO-Colltrollers were used to obtain predetermined 

lateral displacements or axial load. The servo-controller can be 

operated by the computer. However, in the current investigation it 

was operated manually with the aid of x-y plotters which monitored 

the load-dcflcctj,on curves. 

The second system is composed of coupled hydraulic 

positioning rams whose purpose is to prevent the rotation of 

the specimen ends during testing (Fig. 3.4). There are two pairs 

of vertical rams to resist the rotation in the vertical plane and 

one pair of horizontal rams to resist twist in the horizontal 

plane. In each pair, the bottom chamber of one ram is connected 

Hith the top chamber of the other, and vice-versa, as shown in 

Fig. 3.5. When lateral displacements are imposed on the specimen 

through the stiff loading head, moments are developed at the ends 

of the specimen. Those moments are resisted by the oil in the 

cross-coupled chambers of the rams. Therefore, rotation of the 

specimen in any eli ('eetion is restricted; however, translation 

can be accommodated without restraint. 

At both ends of all rams, swivel connections shmvn in 

Fig. 3.3 are attached. Witil sHivel connections, a rotation of 

1800 is permitted in one plane, and about 10° rotation in the 

other, sufficient for deformation imposed during testing. 

3.2 Instrumentation 

During testing, loads, deflections, and strains were 

measureel to monitor tile behavior of the specimen. 

3.2.1 ~. The lateral loads corresponding to the 

lateral displacement and tile axial load were measured through load 

cells attached to loading rams. Output from the lateral loading 
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ramS were plotted on x-y recorders for control of the loading 

history . All load-cell output was recorded on magnetic tape for 

subsequent data reduction. 

3.2.2 Deflections. The deflections of the specimen end 

blocks were measured by twelve linear potentiometers at the 

locations shown in Fig. 3.6 . Eight potentiometers were set to 

measure rotations and deflections of the upper end and four to 

measure the rotation of the lower end. A bolted frame shown in 

Fig. 3.7 was constructed around the specimen to measure deflections 

relative to the strong floor. The signals of two lateral poten­

tiometers were used with the lateral load cell signals to produce 

the load-deflection curves on x-y records. 

3.2 . 3 Strains. Strains in the longitudinal and transverse 

reinforcement were measured by paper-backed wire strain gages 

to investigate the effect of external load On the reinforcement. 

The location of strain gages is shown in Fig. 3.B. Four transverse 

hoops were gaged on all four legs. Two corner longitudinal bars 

located at opposite diagonals were gaged at nine locations on 

each bar. Two corner bars were gaged at the intersections of the 

column and the end blocks. 

3.3 Data Recording and Processing 

During testing, a VIDAR data scanner read the analog 

signals for loads, deflections and strains, and converted them 

to digital voltages. These digital voltages were stored on mag­

netic tape or on the computer disc unit, and were later processed 

on the minicomputer to produce data plots, especially load­

deflection curves, or tables in the usual engineering units. 

A block diagram of this process is shown in Fig. 3.9. 
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C HAP T E R 4 

BEHAVIOR OF SPECIMENS 

4.1 General 

The behavior of each test specimen is described in terms 

of load-deflection curves and crack patterns. Comparisons between 

test results and explanations of the observed behavior of the 

specimens are discussed in Chapter 5. 

The ten specimens tested are classified into two types 

according to loaeling direction, principal or diagonal, as shown 

in Fig. 4.1. In this study, the term "principal direction lt means 

loading or deflection in North-South or East-West directions. For 

seven specimens the deflection was applied in the principal 

directions and the measurements of lateral load and deflection 

were taken along these principal directions. For three specimens, 

the deflection was applied in the diagonal directions, but the 

measurements were taken along principal directions, as shown in 

Fig. 4.1. The measured loads and deflections were transformed to 

equivalent values on diagonal axes using vector addition as shown 

in Fig. 4.2. In describing the three specimen~ resultant load­

deflection curves arc presented. 

As mentioned in Sec. 2.3, for each deflection limit 

(n"':n~1,2, . .), the specimen was cycled three times. Cracks 

were marked on the surface and pictures were taken at the peaks 

of the first and third cycle ~t each deflection limit. The letters 

are noted on the load-deflection curve for each specimen at 

points in the load history at which pictures of crack pattern 

were taken. 
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4.2 Specimen OUS 

The specimen had no axial load and was subjected to 

unidirectional reversed loading in the strong direction (N-S). 

The specimen was initially deformed from the south to north. 

The first deflection limit was selected to develop strains in 

the longitudinal reinforcement at about half of yield. For the 

#6 bars used, yield was about 2200 X 10-6 (Fig. 2.3); a 0.2 in. 
-6 

deflection (l~) produced a strain of about 1100 X 10 . 

The load-deflection curves (Fig. 4.3) show that the 

maximum latera 1 load occurred at around 3 b.. At 2 t. strain in 

the longitudinal bars at the intersection of the column and the 
-6 

end block was around 1700 X 10 and at 3~ the strain was around 
-6 2000 X 10 . At the maximum load (3~), longitudinal reinforcement 

did not yield, because large shear cracks formed in the east and 

west faces as shown in Fig. 4.4(c). A noticeable drop in lateral 

load (corresponding to the opening of diagonal cracks) occurred 

between the first and second cycles at 3~. Between the second and 

third cycles the load did not change significantly. After 3~, the 

shape of the hysteret.ic loops became increasingly "pinched" toward 

the origin and the strength and stiffness of the specimen deteri­

orated rapidly. 

Figures 4.4(a) through (e) show crack patterns on the 

west side at the end of cycling at levels 16, 2~, and 3~. 

Figure 4.4(d) shows the crack pattern at the end of testing. 

At l~ (Fig. 4.4(a», several inclined cracks with angles of 

inclination of around 45°, as measured from the vertical face of 

the column, occurred in the east and west faces of the column. 

At 2r:, (Fig. 4.4(b», the number of cracks increased and inclined 

cracks extended all along the column. At 3~(Fig. 4.4(c», 

cracks opened along a diagonal from the top to bottom of the 

column in both loading directions. The angle of these 
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cracks was steeper than the cracks which formed earlier and was 

around 35°. After 3~, the concrete at the midheight region of 

the column 8palled. Little spalling of the concrete cover near 

the bottom and top of the column 'vas noted. 

4.3 Specimen OUH 

This specimen was tested without axial load and subjected 

to unidirectional loading in the weak direction (E-W). The 

speCimen 't.Jas initially deformed from the \vest to east. The 

first deflection limit was determined as for specimen OUS, with 

0.16 in. deflection corresponding to half of yield strain in 

the longitudinal reinforcement. 

The load-deflection curves (Fig. 4.5) shol< that maximum 

load ,vas reached at Sll, a much larger value than in other tests. 

49 

Strains in longitudinal bars at 

the end block were 1600 X 10-6 , 

the intersection of the column and 
-6 2000 X 10 ,and yield at 2l'., 3~, 

and 4~, respectively. The longitudinal reinforcement yielded before 

the maximum load was reached. There was not much change in peak 

lateral load between first and second cycles at each deflection 

level up to 4a. From 3~ to 6l'., the strength was almost the same, 

indicating ductile behavior. After 6~, the strength and stiffness 

deteriorated rapidly. 

Figures 4.6(a), (b), and (c) shol< the crack pattern of the 

north face Rt the end of cycling at deflection limits lA, 3b, and 

Sf:)., r-espectively. The condition of the specimen at the end of the 

test is shol<n in Fig. 4.6(d). At l~, there I<ere a few flexural 

and flexural-shear cracks near the ends of the column. At 3~, 

many inclined cracks occurred all along the column. The angle of 

these cracks was around 45°." There was not much difference between 

the crack patterns at 36 and 5~, but at 5~ the cracks had opened 

considerably. The angle of the inclined cracks did not change as 

cycling progressed and remained at around 45°. Figure 4.6(d) 
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shows that the specimen had severe damage and spalling of concrete 

cover near the bottom of the column. It is interesting to note 

that there was no spalling of the concrete cover in the midheight 

region of the concrete. 

4.4 Specimen eMS 

The specimen was tested with 120 kips axial compressive 

load and monotonic lateral loading in the strong direction (N-S). 

The specimen was deformed from the south to north to a deflection 

of 1.4 in. and then returned to its original position. In order 

to investigate the behavior of the column after such a high peak 

deflection, the specimen was deformed in the opposite direction 

(from the north to south) to the same value of deflection as 

reached initially. 

The load-deflection curve is shown in Fig. 4.7. The 

maximum lateral load occurred at 0.48 in. The strain of 

longitudinal bars at the intersection of the column and the end 

blocks was around 1200 X 10-6 at a deflection of 0.2 in., 

around 1700 X 10-6 at a deflection of 0.4 in., and around 

2000 X 10-6 at maximum load. The longitudinal reinforcement 

did not yield at maximum load. After reaching maximum capacity, 

the load suddenly dropped because of the shear failure which 

occurred. The strength gradually decreased as deflection 

increased to 1.4 in. When loading was stopped, the capacity was 

only 40 percent of the maximum load because of the continual 

deterioration. On loading in the opposite direction, very low 

loads were maintained as a consequence of the severe damage to 

the specimen during loading in the first direction. 

Figures 4.8(a) through (c) show the crack pattern of the 

west face of the specimen at deflections of 0.2 in., and 0.48 in. 

(maximum load), and 1.4 in., respectively. The condition of the 
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specimen at the end of the test is shown in Fig. 4.8(d). One 

inclined crack witll an angle of around 45° and a few flexural 

cracks were noted at a deflection of 0.2 in., but at a deflection 

of 0.48 in., several diagonal craelcs extended from the top to 

bottom of the column along a diagonal. The angle of these cracks 

was around 30°, because the axial compressive load caused the 

angle of tile cracks to 11e steeper. At peak deflection (1.4 in.), 

the inclined cracks indicated a severe damage to the column. 
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Under loading in the opposite direction, additional diagonal cracks 

formed and at the end of the test (Fig. 4.8(d)), spalling 

of the concrete cover occurred in the midheight region of the 

column. 

4.5 Specimen CUS 

The specimen was suiJjected to 120 kips axial compressive 

load and unidirectional loading in the strong direction (N-S). 

The first deflection limit was 0.2 in., the same as in the 

specimen OUS. For eMS strain at tIle intersection of the column 

and the end blocks was almost half of yield at the first deflec­

tion limit (l~) wllich was 0.2 in. 

The load-deflection curve (Fig. 4.9) shows that maximum 

lateral load was J-cached at 26 in the north direction. At 2~, 

shear cracks opened. Strain in the longitudinal bars was 

1200 X 10-6 at la, and 1700 X 10-
6 

at 2a. At maximum load, 

the longitudinal reinforcement did not yield. After the specimen 

reached maximum load in the north direction, it was deformed to 

the same deflection limit, 2t:, in the south direction. The load 

was less than that reached previotl 1y at 111 in the south direction. 

It appeared that once the ma~imum load in one direction was 

reached, load in the other direction decreased because of the 

shear cracks which formed previously. A very large drop in 

lateral load was observed between the first and second cycles 
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at 2~. This phenomenon confirmed the severity of the damage 

due to the shear cracks. After reaching maximum load, the 

strength and stiffness of this specimen deteriorated rapidly. 

Figure 4.10(a) shows the crack pattern in the east face 

57 

at the end of cycling of l~. The angle of initial diagonal cracks 

is around 45°. Figure 4.10(b) shows the crack pattern in the 

east face at the maximum load. Some damaging inclined cracks 

formed from the top to bottom of the column. The angle of 

these cracks was around 30°, almost the same as noted in 

specimen CMS. Figure 4.1O(c) shows the crack pattern in the east 

face at the end of cycling at 26. A large number of inclined 

cracks is visible in both directions causing severe damage. 

At the end of the test (Fig. 4.11(d», spalling of the concrete 

cover 'vas extensive in the midheight region of the column, but 

there Has little damage to the ends of the column. The concrete 

around the longitlldinal bars spalled and left the bars unhanded. 

4.6 Specimen CUH 

The specimen was loaded with 120 kips axial compression 

and unidirectional deformation in the weak direction (E-W); 

east direction first. The first deflection limit (0.16 in.) was 

the same as that for specimen OUW. 

The loael-deflection curves are shown in Fig. 4.11. The 

strain in the longitudinal bars at the intersection of the column 

and end blocks was around 900 X 10-6 , 1600 X 10-6 , and 1900 X 10-6 

at lL\, 2t:., anu 3b., respectively. Maximum load was reached at 3/}., 

with the longitudinal bars not yielding prior to reaching maximum 

load. The IDLlximurn load for om..] was reached at 5/:).. With axial 

compression, the maximum for CUW was reached at 3~, and the 

specimen deteriorated rapidly. In the first cycle at 40 in the 



58 

~ 

en 

t 
z 
~ 

<l 
N 

~ 

8-

~ 

Z 

t 
en 
~ 

<l 
N 

~ 

'" ~ 

<l .... 

en 
::> 
u 
<= 
Q) 

.!l 
u 
Q) 

'" ., 
., 
<= 
>-
OJ 
4J 
4J 
aI 

'" ..: 
u 
aI 
>-u 

0 .... 
..;t 

00 .... 
r.. 



:; 
u 

o 

c 
o 

.,.\ .., 
U 
QJ 

.-l 
'H 
QJ 
A 

001 

<1 
"-

<I 

'" 
<' 
on 

<J 
.0-

<l 
0') 

<1 
N 

<1 
~ 

<J 
N 

<I 
0') 

-- ,iI 

"' ::0 
u 
C 

~ 
.,.\ 

U 
QJ 
0. 

'" 
'" QJ e 
~ 
(J 

c 
o 

.,.\ .., 
U 
QJ 

.-l 
'H 
<lI 
"0 

1 
"0 

'" .3 

59 



60 

east direction the load almost reached the previous peak. The load 

dropped rapidly between this cycle and the next because of the 

severe damage caused by shear cracking. After 4~, the strength of 

the specimen deteriorated rapidly. 

Figures 4.12(a) and (b) show the crack pattern in the -south 

face at the end of cycling between 2~ and 3~, respectively. 

Figures 4.12(c) and (d) show the crack pattern in the first 

cycle at 4~ and 66, respectively. At 2~, several inclined 

cracks occurred near the ends of the column at an angle of 

about 45 0 . At 3~, slightly steeper cracks with angles from 

40 0 to 450 spread all along the column and some cracks along the 

longitudinal bars formed. Though the maximum load was reached 

at 3~, severe shear cracks did not appear. In the first cycle 

at 4~, the specimen exhibited severe inclined cracks, as shown 

in Fig. 4.l2(c), and the strength of the specimen dropped rapidly. 

Figure 4.l2(d) shows the crack pattern at the end of testing. 

-Cracks opened along the longitudinal bars, and cover in the mid­

height of the column was more severely spalled than that near the 

ends of the column. 

4.7 Specimen 2CUS 

This specimen was subjected to 240 kips axial compression 

and unidirectional loading in the strong direction (N-S). Two 

hundred forty kips represented 80 percent of the axial capacity 

at the balance point (Fig. 2.7). The specimen was deformed in 

the north direction first. The first deflection limit was set 

as 0.2 in., the same as that in the specimens OUS and CUS. 

The load-deflection curves in Fig. 4.13 indicate a rapid 

deterioration of strength and' stiffness after the specimen reached 

maximum lateral load. The strain in longitudinal bars at the 

intersection of the column and end blocks was around 1200 X -10-6 
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-6 
at l~ and 1600 X 10 at 2~. The lateral load reached a maximum 

value at 2~ without yielding in the longitudinal reinforcement. 

The remarkable drop in the lateral load between the first and 

second cycles at 26 was the result of severe damage due to shear 

cracking. The load dropped from a maximum at 2~ to less than 1/3 

of the maximum at 4f::,. High axial load increased degradation of 

the short column. 

Figure 4.l4(a) shows the crack pattern in the west face 

at the end of cycling to lAo A few shear and flexural shear 

cracks occurred near the end of tile column. In the north 

direction at the first cycle to 2!::., several long diagonal cracks 

opened from the top to bottom of the column, as shown in 

Fig. 4.l4(b). The angle of these cracks was around 300 . 

Figure 4.14(c) shm,. the crack pattern in the south direction 

in the first cycle to 2A. Extensive diagonal cracks occurred 

in both directions, and severely damaged the specimen with 

a large drop in load between the first and second cycles to 

2~. At the end of the test, Fig. 4.l4(d), extensive spalling 

of the concrete cover was evident in the midheight of the column. 

Concrete near the ends of the column was relatively intact. 

4.8 Specimen CDS30 

The specimen was subjected to 120 kips axial compression 

and skewed unidirectional loading at 30 0 from the strong axis 

63 

of the column. The specimen was loaded in the northeast direction 

first. As mentioned in Sec. 2.3, when the deflection limit in 

one principal direction and the skew direction of loading are 

selected, the deflection limit in the other principal direction 

is also determined. In this 'case, the deflection limit (l~) in 

the strong axis was set at 0.2 in. and the limit in the direction 

30° from the strong direction Has 0.2 in./cos 30° = 0.23 in. A 
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0.2 in. deflection in the strong direction corresponds to the 

deflection limit used in tests OUS and CUS. 

The resultant load-deflection curves (along the diagonal), 

Fig. 4.15, show that the maximum lateral load was reached at 

around 2t,.. StraiL in the longitudinal bars at the intersection 

of the column and end blocks was around 1500 X 10-6 at 16 and 

2000 X 10-6 at 26. No yielding occurred in the longitudinal 

reinforcement. There was a noticeable drop in the lateral load 

between the first and second cycles at 2t,.. After the maximum 

load at 2t.., the stiffness and strength of the specimen decreased 

rapidly. 

The crack pattern in the north and west faces at the end 

of cycling at III is shown in Fig. 4.16(a). There were a few 

flexural-shear and shear cracks near the end of the column. The 

angle of the shear cracks was around 45°. Figure 4.16(b) shows 
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the crack pattern when the maximum lateral load was reached. As 

the loading direction was diagonal, this figure shows that diagonal 

cracks were present from top to bottom of both faces. The angle 

of the cracks was around 30 0 from the vertical indicating that 

the orientation of the crack pattern had changed. Figure 4.16(c) 

shows the crack pattern after the first cycle to 3/:;.. Wide shear 

cracks opened and indicated severe damage to the column. At the 

end of the test, Fig. 4.16(d), the concrete cover spalled in the 

midheight of the column and the reinforcement was left unbonded. 

4.9 Specimen CDW30 

The specimen was subjected to 120 kips axial compression 

and unidirectional loading along a diagonal at 30 0 from the weak 

direction. The specimen was loaded first in the northeast 

direction. The behavior of the specimen loaded at 300 from 
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the weak principal axis was assumed to be similar to that of the 

specimen loaded in the weak direction. The deflection limit (lA) 

was 0.16 in./cos30 o = 0.185 in. 

Load-deflection curves are shown in Fig. 4.17. The 

maximum lateral load was reached at 2A. There was a small 

drop in lateral load between the first and second cycles at 2A 

and almost the same drop between the second and third cycles at 

2A. Strain in the longitudinal bars at the end of the column 

was around 1200 X 10-6 at lA and 2000 X 10-6 at 2A was reached. 

Before maximum load, the load-deflection loop was full indicating 

flexural behavior and little loss of strength with cycling. After 

maximum load was reached, the curves became pinched toward the 

origin and showed degradation of strength with cycling. At 5A 

the strength of this specimen deteriorated almost to zero. 

Figures 4.18(a) through (d) show the crack pattern on 

the south and east faces at the end of cycling to lA, 2A, 3A, and 

5A. At lA, there were some flexural cracks on the south and east 

faces near the ends of the column. At 2A, diagonal cracks extended 

along the entire east face. On the south face, diagonal cracks 

were located near the ends of the column. The angle of the cracks 

was around 300 on the east face and around 45 0 on the south face. 

The load-deflection curve showed that the strength was less in 

the first cycle of 3A than at 2A. The shear cracks observed 

between the end of 2A and the first cycle of 3A severely damaged 

the specimen. However, the shear cracks did not open. At 3~ 

a section of the cover near the midheight of the column spalled 

off and long shear cracks opened. At 5A the concrete cover around 

the longitudinal bars in the .midheight of the column spalled 

and these bars were unbonded. 
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4.10 Specimen CBSW 

The specimen was subjected to 120 kips axial compression 

and bidirectional loading alternately in the principal directions 

at each deflection level. In testing CDS (unidirectional loading 

in the strong direction) the maximum lateral load occurred at 2t;,., 

while in the specimen CUW (unidirectional loading in the weak 

direction) the nl8ximum lateral load occurred at 36. To try to 

reach maximum load in both directions at about the same deflection 

level, the specimen was deformed in the weak direction first. The 

order of loading was always weak (east direction first)-strong 

(north deflection first) at each deflection level. The deflection 

limit at III was 0.16 in. for the weak direction and 0.2 in. for 

the strong direction. These limits were the same as in CUW and 

CUS. 

The load-deflection curves are shown in Fig. 4.19 (E-W) and 

in Fig. 4.20 (N-S). The maximum lateral load was reached at 26 in 

both the \\leak and strong directions. Although specimen CUW 

reached the maximum load at 3~, the maximum load was reached at 

26 in the strong direction in CBSW and strength in the weak 

direction '\vas reduced by the presence of shear cracks which 

formed at 211 under loading in the strong direction. Strain in 

the longitudinal bars at the ends of the column was 900 X 10-6 

-6 
in the weak direction and 1300 X 10 in the strong direction at 

lll, and 1400 X 10-6 in the weak direction and 1800 X 10-6 in the 

strong direction at 2tJ. The strain readings showed that the weak 

direction could have reached higher levels if the specimen had 

not been damaged by the loading in the strong direction. In 

the strong direction ~he drop in the lateral load occurred 

between the first and second cycles at 211 and 36, while in the 

weak direction there was not a big drop between the first and 



W
 

1
.5

 

W
 

tr
E

 CBSW
 

1
.0

 

I 
I 

I 
I 

5/
:, 

46
 

36
 

26
 

o o 
"
"
' 

.-
I 

"' 0. .....
 

.:>
 "" '" .3 
o '" o '" 18
 

I/
:,

 .
-I

 

0
.5

 
1

.0
 

D
e
fl

e
c
ti

o
n

 
(i

n
) 

1 
1 

1 
16

 
2

6
 

36
 
L

 L
 

F
ig

. 
4

.1
9

 
L

o
ad

-d
ef

le
ct

io
n

 c
u

rv
es

, 
sp

ec
im

en
 C

BS
W

 
(E

-W
) 

E
 1
.5

 

" N 



N
 

s .5
 

CB
SW

 

D
 5

6
 

41
', 

3
6

 
26

. 
1

6
 

o o 
'"'

 ,..
., 

'" p. .
~
 

6 '0
 " S 

o U
"\ 

N
 

~
~
1
.
'
0
 

1
'.5

 

D
e
fl

e
c
ti

o
n

 
(i

n
) 

1
6

 
26

. 
3

6
 

4
~
 

51
', 

F
ig

. 
4

.2
0

 
L

o
a
d

-d
e
fl

e
c
ti

o
n

 c
u

rv
e
s,

 
sp

ec
im

en
 C

BS
W

 
(N

-S
) 

'-
' 

w
 



74 

second cycles at 2~ and 3~. After maximum load was reached, the 

deterioration of strength and stiffness in the weak direction was 

rapid in comparison with specimen CUW. 

At 2~ in the weak loading direction (Fig. 4.2l(a», 

flexural shear cracks were observed near the ends of the column 

and diagonal cracks were noted from top to bottom of the west face. 

At 2~ in the strong direction (Fig. 4.21(b», many diagonal cracks 

formed all along the column especially on the west face. Though 

these cracks did not open, there were many cracks which appeared 

to severely damage the specimen. At the end loading to 3A 

(Fig. 4.21(c», a piece of concrete in the middle of the column 

spalled off and shear cracks opened. Figure 4.21(d) shows the 

crack pattern on the west face near the end of testing. It was 

clear that the midheight of the column was the most severely 

damaged part of the specimen and the ends of the column were 

relatively intact. 

4.11 Specimen COSW30 

The specimen was subjected to 120 kips axial compression 

and bidirectional loading alternately in the orthogonal diagonal 

directions (30 0 from the strong axis and 300 from the weak axis) 

at each deflection level. The loading of this specimen was 

compared with that of the specimen COS30 (unidirectional loading 

at 30 0 from the strong axis) and that of the specimen COW30 

(unidirectional loading at 30 0 from the weak axis). Although 

the first deflection limits of these two specimens (COS30 and 

COW30) were different, both specimens reached the maximum load 

at 2~. Regardless of the loading direction chosen first, the 

maximum load was expected to occur at almost the same level in 

each direction. In specimen CDSW30, after the maximum load in a 
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direction 30° from the weak axis (this direction is nearer the 

weak axis) was achieved at 2A, it was of interest to determine 

whetller the load at 26 in a direction 30° from the strong axis 

(this direction is nearer the strong axis) dropped from the load 

at l~. Thus, 'i:he specimen was deformed in a direction 30° from 

the weak axis first. In order to compare the behavior with CDS30 

and CDW30, the first deflection limit was set as 0.185 in. for 

30° from the weak direction and as 0.23 in. for 30° from the 

strong direction. 

The resultant load~deflection curves are shown in Fig. 4.22 

(SW-NE; 300 from the weak direction; northeast direction fiIst) 

and in Fig. 4.23 (SE-NW; 30° from the strong direction; northwest 

direction first). The maximum load was reached at 2~ in a direction 

30 0 from the weak. axis, tvhile the maximum load was reached at l~ 

in a direction 30 0 from the strong direction. However, in the 

latter case, the load at 2~ was only a little less than that at l~ 

and after 2t'. the load dropped rapidly. Shear cracks formed during 

loading in one direction reduced capacity in the other direction 

of loading. Strain in the longitudinal bars at the end of the 

column was 1200 X 10-6 in the direction 30 0 from the weak axis 

and 1600 X 10-6 in the direction 300 from the strong axis at l~, 

and 1900 X 10-6 in the direction 30 0 from the weak axis and 

1800 X 10-6 in the direction 30° from the strong axis at 2~. 

The strain at 2l'l in the direction 30 0 from the strong axis also 

showed only a little increase from the strain at lb in the same 

direction to confirm the phenomenon in the load-deflection curves. 

After 26 in both loaeling directions, the strength and stiffness 

deteriorated more rapidly than under unidirectional loading 

(CDS30 and CDW30). 



2
NE

 
0

° 

S 

CD
SW

30
 

SW
 

1
.1 5

0
 

1.'0
 -

'"
;J

:!s
i:)

 

o o 
~
 
.-

; 

'" '" .~ c "" S o 
5

6
 

4
6

 
3

6
 

26
 

1
6

 ~
 

~
_
_
_
_
_
 

N
E 

._
_

_
_

' 
I 

I 
1

.0
 

1
.5

0
 

D
ef

le
ct

io
n

 
(i

n
.)

 

I 
1 

I 
16

 
26

 
3

6
 

46
 

5
6

 

F
ig

. 
4

.2
2

 
L

o
ad

-d
ef

le
ct

io
n

 c
u

rv
es

, 
sp

ec
im

en
 C

D
SW

30
 

(S
W

-N
E)

 

'" OJ 



NH
 

SE
 

1
.5

 

CD
Sw

.lO
 

SE
 

I 
I 

I 
I 

5
6

 
46

 
36

 
26

 
1

6
 

o 
~
o
 

"l
""

" 
P<

 
.r<

 

C
 

'0
 " S 
o u

; 

o u
; 

o o """ 
1

6
 

N
H

 

1
.0

 
1

.5
 

D
e
fl

e
c
ti

o
n

 
(
in

.)
 

26
 

3
6

 
4

6
 

5
6

 

F
ig

. 
4

.2
3

 
L

o
a
d

-d
e
fl

e
c
ti

o
n

 c
u

rv
e
s,

 
sp

ec
im

en
 C

D
Sw

.lO
 

(S
E

-N
H

) 
..., '" 



80 

Figures 4.24(a) through (d) show crack patterns on the 

north and west faces. At the end of cycling at lA (Fig. 4.24(a)), 

there were flexural and flexural-shear cracks near the ends of 

the column on the north and west faces. Additionally, on the 

west face diagonal cracks appeared from top to bottom of the 

column. The load-deflection curve (Fig. 4.23) indicated a large 

drop in the lateral load between the first and second cycles at 

2A. Figure 4.24(b) shows the crack pattern after first cycle 

to 2A. On the north face diagonal cracks spread near the ends 

of the column, while on the west face diagonal cracks spread 

all along the column. At the end of cycling to 2A (Fig. 4.24(c)), 

the number of diagonal cracks increased and there was some 

spalling of the corners at the bottom end of the column. By 

the end of the test (Fig . 4.24(d)), nearly all of the cover had 

spalled off and the longitudinal reinforcement was unbonded. 

Some of the core concrete exhibited large shear cracks and 

crushing or grinding along the cracks, but the core generally 

seemed to be intact. 
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C HAP T E R 5 

COMPARISON OF TEST RESULTS 

5.1 Genera] 

In this chapter the data obtained for each specimen are 

arranged for comparison with other tests. Comparisons will be 

made using crack patterns, steel strains, lateral load capacity, 

and deterioration of strength. In Chapter 6, the comparison of 

results from rectangular columns will be comparee1 with square 

1 22,23,24 
co umns. 

5.2 Crack Pattern 

Typical crack patterns for the ten specimens were discussed 

in Chapter 4~ Four types of idealized crack patterns are classi­

fied by loading direction and history. Idealized crack patterns 

for unidirectional and bidirectional loading in the principal direc­

tion are shown in Fig. 5.10 For unidirectional and bidirectional 

loading in the diagonal direction, idealized crack patterns are 

shown in Figo 5020 The patterns 1;\Tere developed using a crack 

inclination of 45° \\Tith the direction of loading. Six specimens 

(OUS, OUW, CMS, CUS, CUW, 2CUS) are classified as unidirectional 

loading in the principal direction, t'"O specimens (CUS30, CUW30) as 

unidirectional loading in the diagonal direction, and CBSW and 

CDSW30 as bidirectional loading in the principal and diagonal direc­

tions, respectively. A comparison of the observed crack patterns 

with the idealized patterns provides an indication of the validity 

of assuming a ~_5° inclinationo 

5.2.1 Principal Loading Direction 

50 2~ L 1 Unidirectional Loading. Two comparisons for 

unidirectional loading in the principal direction are described 

83 
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in this section. First crack patterns for the specimens loaded in 

the strong direction (OUS, CUS) and in the weak direction (OUW, 

CUW) will be compared. Second, the effect of axial load on the 

crack patterns of tl170 groups which have different loading direc­

tions (strong direction (OUS, CUS, 2eUS), and weak direction 

(OUW, CUW» will be discussed. 

Strong VS. Weak Loading Direction. Figure 5.3 shows crack 

patterns near maximum load for specimens OUS, CUS, DUW, and CUW. 

Figures 5.1 (a) and (b) show the idealized crack pattern (45
0 

diag­

onal shear cracks and flexural cracks) for these specimenso For 

unidirectional loading in the strong direction (N-S), diagonal 

cracks were limited to the east and west faces. For unidirectional 

loading in the weak direction (E-W), diagonal cracks were limited 

to the north and south faces. Figures 5.3 (a) and (b) (OUS and CUS) 
o 

indicate that the angle of initial cracks was around 45 , but near 

maximum load, shear cracks opened from top to bottom of the column 

with an angle of about 30
0

• It was clear that the angle of initial 

cracking and cracking leading to failure was differento Figures 

5.3 (c) and (d) indicate that for specimens OUW and CUW, the crack 

pattern was almost the same as idealized in Fig. 5.1(b), but not 

for OUS and CUS. 

Effect of Axial Load. Crack patterns at maximum load in 

specimens OUS, CUS and ZCUS are shown in Fig. 5.4. The angle of 

the most severe diagonal cracking extended from the top to bottom 

h . 1 300 
to 35 0 

f h . h 1 at t e maX1.mum oad was or eac spec~meno T e ang e 

appeared to be a little steeper as axial load increased. With 

higher axial load, shear cracks opened wider under similar levels 

of lateral deflections, and the concrete cover in the rnidheight 

region of the column spalled off at lower deflection levels. Fig­

ure 5GS shows a comparison of the crack patterns for specimens OUW 

and CUW. In CUW, slightly steeper cracks with angles from 40
0 

to 
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45° opened around midheight of the column, and more cracks along 

the longitudinal reinforcement occurred with increasing axial com­

pression. Once again with higher axial load, shear cracks opened 

wider and concrete cover spalled at lower deflection levels. 

5.2.1.2 Unidirectional vs. Bidirectional Loading. In this 

section the influence of loading history (unidirectional or 

bidirectional loading in the principal direction) on the crack 

patterns is described. In Fig. 5.1, the idealized crack pattern 

of the specimen with bidirectional loading is a combination of 

cracking under unidirectional loading in the strong and weak 

directions. Therefore, the crack patterns of the specimens with 

unidirectional loading in the strong direction (specimen CUS) 

and in the weak direction (specimen CUW) are combined with the 

results of CBSW. The crack patterns at peak load for CUS, CUW, 

and CBSW are shown in Fig. 5.6. Patterns of CUS and CBSW are 

compared as well as those of CUW and CBSW. 

In the strong loading direction (Figs. 5.6(a) and (b», 

it can be seen that there are no differences in the crack angle 

leading to failure between CUS and CBSW, and almost the same 

amount of cracking occurred in both specimens. 

In the weak loading direction (Figs. 5.6(c) and (d», the 

angle of diagonal cracks in CBSH ~.;ras similar to that in ClM, but 

more cracks occurred in CUW. However, after 3r:, (in CBSW the 

maximum load ~.;ras already passed), more cracks formed along the 

longitudinal reinforcement in the north and south faces of CBSH, 

and the corner concrete spa lIed at earlier load stages than 

in CUW. 

It was observed that the specimen with bidirectional 

loading deteriorated more rapidly than the specimen with unidirec­

tional loading after maximum load was reached. The crack patterns 
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were similar to the idealized patterns except the angle of 

inclination in the strong direction was steeper (30 0 vs. 45 0 ) 

and cracks along longitudinal reinforcement in the weak direction 

occurred. 

5.2.2 Diagonal Loading Direction 

5.2.2.1 Unidirectional Loading. Two specimens were 

tested under unidirectional loading in the diagonal direction . 

In one, the loading direction was 300 from the strong axis (CDS30) 

and in the other the loading direction was 300 from the weak axis 

(CDW30). Figures 5.2(a) and (b) show the idealized crack patterns 

for CDS30, and CDW30. It was assumed that the angle of cracks 

was inclined 45 0 with the resultant loading direction. Crack 

patterns for CDS30 and CDW30 are shown in Fig. 5.7. 

In the case of CDS30, some diagonal cracks formed in 

adjacent faces (S-E, N-W) as shown in the idealized crack pattern 

(Fig. 5 .2 (a». However, in the east and west faces, diagonal 

cracks opened from the top to bottom of the column . These crack 

patterns were similar to those in specimen CUS (unidirectional 

loading in the strong direction). The angle of the cracks was 

around 300 . Therefore, the idealized crack pattern and those 

observed were quite different. In the north and south faces, 

there were some diagonal cracks which extended to the adjacent 

faces and some cracks along the longitudinal reinforcement . The 

crack patt erns in these faces were similar to the idealized ones 

except for some additional vertical cracks along the bars. 

In the case of CDW30, diagonal cracks were spread over 

all faces. As shown in the ~dealized crack pattern (Fig. 5.2(b», 

the idea lized cracks started from the ends of the column near the 

center of the east and west f aces . In the observed crack patterns, 

a similar phenomenon was observed, but in the east and west faces 
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diagonal cracks were steeper and the angle was around 30°. In 

the north and south faces, there were many diagonal cracks with 

angles around 400 to 450 . 

The crack pattern in CDS30 was similar to that of CUS, 

while the crack pattern for CDW30 was a combination of that 

observed in CUS and CUW, and was similar to that of CBSW. Under 

loading along the diagonal, deformations in the strong direction 

had a pronounced effect on the crack pattern, even when the loading 

was skewed only 300 from the weak axis of the column. 

5.2 . 2.2 Unidirectional vs. Bidirectional Loading. The 

crack pattern in specimen CDSW30 skewed bidirectional loading 

was compared with the crack patterns for CDS30 and CDW30. 

According to the idealized crack pattern shown in Fig. 5.2(c), the 

crack pattern of CDSW30 should be a combination of the crack 

patterns of CDS30 and CDW30. 

At low deflection levels, there were only a few diagonal 

cracks observed in specimens CDS30 and CDW30. However, in CDSW30, 

many diagonal cracks formed, especially in the east and west 

faces. The angle of the cracks ranged from 300 to 450 because of 

the different combinations of loading direction . At maximum load 

(Fig. 5.8), more diagonal cracks formed in CDSW30 over all faces 

and the specimen seemed to be damaged severely. In general, the 

crack pattern of CDSW30 appeared to be a combination of CDS30 

and CDW30. 

5.2.3 Review of Crack Patterns. The comparison of crack 

patterns led to two primary observations . First, initial diagonal 

cracks produced by deformations in the strong loading direction 

formed with an angle of around 450 , but cracking leading to failure 

formed from top to . bottom of the column with an angle of around 

30°, much steeper than assumed in Figs. 5.1 and 5.2. Diagonal 
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cracks produced by deformations imposed in the weak loading 

direction formed near the ends of the column and the angle of 

inclination was around 45° for both initial cracking and cracking 

leading to failure. Compressive axial load caused these cracks 

to be slightly steeper. It is likely that the small column height­

to-depth ratio in the strong direction had much to do with the 

inclination of the cracks at failure. 

Second, the crack pattern under diagonal loading was 

affected primarily by deformation in the strong direction. The 

crack pattern of CDS30 (loading 30 0 from the strong axis) was 

almost the same as that observed in CUS (loading only in the 

strong direction). For CDW30 (loading 300 from the weak axis), 

the crack pattern was expected to be similar to that of CUW 

with loading only in the weak direction. However, the crack 

patterns observed indicated that cracking and distress in the 

strong direction were dominant over that in the weak direction. 

5.3 Strain Distribution 

As shown in Fig. 3.8, strain gages were attached to the 

longitudinal and transverse reinforcement~ There were nine 

gages along two corner longitudinal bars and two gages along the 

other two corner bars. The purpose of these gages was to study 

the influence of the bond and anchorage deterioration on the 

behavior of the short column. Four transverse ties were gaged 

to investigate the distribution of shear between concrete and 

steel. From the measured data, strain in the longitudinal and 

transverse reinforcement at selected load stages was obtained 

and strain distributions along the column height were plotted. 

As mentioned in Chapter 4, the unit deflection (6) was changed 

for the different loading directions (strong axis, weak axis, 

30
0 

from strong axis, 30 0 from weak axis), and in each specimen 

the maximum load was achieved at different deflection levels; 
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for example, 36, l!-/:j, etc. The strain at the resultant deflectio"1 

corresponding to maximum load defined as fj appeared to be most 
m 

significant. Therefore, strains are plotted at the following 

deflection levels: A 12, A , and 3A 12. In each plot of strain 
m m m 

distribution, the value of 6 is indicated. 
TIl 

The strain distributions along longitudinal and transverse 

reinforcement in each specimen were classified corresponding to 

the loading direction (as for crack patterns) and compared. 

5.3.1 Longitudinal Reinforcement. Two gages inside the 

top and bottom end blocks on the longitudinal bars provided data 

regarding bar anchorage. One gage was placed at each end of the 

column--top and bottom end-block interfaces--and three Here spaced 

along the column. 

5.3.1.1 Loading in Principal Direction. TI1e specimens 

subjected to loading in the principal directions are divided into 

groups: strong loading direction (OUS, CUS, 2CUS, and CBSW (strong 

direction only)) and Heak loading direction (OUW, CUS and CBSW 

(~veak direction only)). 

Strong Direction. The strain distributions of the longi­

tudinal reinforcements at each level (A 12, A , 3A 12) for specimens 
TIl TIl m 

OUS, CUS, 2CUS, and CBSW are shoem in Fig. 5.9. TI1e location of 

strain gages on northwest and southeast corner bars is shown in the 

right top corner of Fig. 5.9. The strain at each level was taken 

as the average strain in the two gaged bars under similar loading. 

In all cases the values of strain were nearly equaL The strain 

distribution along longitudinal bars is unsymmetrical about the 

center of the column. Each bar will be subjected to a moment 

gradient from top to bottom 0'£ the column and in the compression 

zone, the concrete carries part of the force. 

All four spec.imens failed in shear, as indicated by the 

fact that the s trains did not exceed yield. The effect of axial 
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compressive load on the strain distribution can be observed using 

specimens OUS, CUS, and 2CUSo As compressive load is increased, 

the strains shift in the direction of compression_ The compressive 

strain in Otrs was near zero, while in 2eUS it was about -1000 X 10-~ 
Around the midheight of the column, OUS had strain of about 1000 X 

10-
6 

tension, while 2eus had almost zero strain. Maximum tensile 

strains were about 1800 X 10-
6 

in all three specimens. With axial 

compressive load the strain gradient along the reinforcement from 

top to bottom was greater than with no axial loado Tile effect of 

loading his tory was inves tigated in tlVO specimens (CUS, CBSW). 

There did not appear to be much difference between the strain dis-

tributions in these two cases. Large tensile strain (almost yield) 

occurred at the intersection of the column and end block; however, 

the strain at a location 10 in. inside the end block was almost zero 

in all specimens indicating that the hooked anchorage "\larked well. 

Weak Direction. Figure 5.10 shows the strain distribu­

tion of the specimens loaded in the weak direction (OUW, CUW, 

CBSW). The strain at each level was taken as the average strain 

in the tlVO bars) as before. The distribution for OUW showed 

that the strains exceeded yield. However, it was observed that 

shear cracks 'I.,Jere predominant. CUW, which 'vas loaded axially, did 

not reach yield. The strain at fj, for CBSW in tension under 
m 

loading in the ,\.,Jcak direction was less than that of CUW. Though 

cm, reached maximum load at 3/', (0.48 in.), CBSW reached maximum 

load at 2~ (0.32 in.) in the weak loading direction because 

maximum load in tile strong direction had been reached in prior 

cycles. Therefore, /', was at 3/', for CUW and 2{:, for CBSW. It 
In 

is also of interest to note tllat the strains at ~m in CBSW 

(0.32 in.) "ere bct"een the ~trains at /', /2 (0.24 in.) and 
m 

t, (0.48 in.) of CUW. Tllerefore, the strain distribution did m 

not appear to be changed by the loading history until the load 

reached maximum in the strong direction. 
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5~ 3 0 L 2 Loading in the Diagonal Direction. In this section 

the strain distributions along the longitudinal reinforcement in 

the specimens subjected to diagonal loading (CDS30, CDW30, and 

CDS1,30) are discussed. Figure 5.11 shows the strain distribution 

for loading 30 0 from the strong axis (CDS30, CDSW30), 

and Fig. 5.12 [or loading 30 0 from the weak axis (CDW30, CDS1{30). 

St rain gages were attached to the southeast and southwest corner 

bars. Under diagonal bidirectional loading, one of the bars 

always reflected maximum strains. Under loading 30° from the 

strong axis (SE-NW) in Fig. 5.11, the southeast bar reached 

maximum strains. Under loading 30° from the weak axis (SW-NE) 

in Fig. 5.12, the south\lIest bar reached maximum strains. It is 

interesting to note that differences between the strain distribu­

tions under unidirectional or bidirectional diagonal loading 

(especially at 6 ) in Fig. 5.11 and Fig. 5.12 were quite small. 
m 

5.3.1.3 Review of Longitudinal Strain. Tile comparison of 

strain distributions along the longitudinal reinforcement indicate 

that the hooked bar in tIle end block anchored the bars well. 

Along the column height the strain gradient was greater 'tvith 

axial compressive load. The strain distribution was not affected 

by the loading history until the load reached a maximum value 

either in the direction considered or in the orthogonal direction. 

5.3.2 Transverse Reinforcement. Four transverse hoops 

were instrumented with gages on all four faces. The location of 

the gages is shown in Fig. 3.8. The strains in the transverse 

reinforcement did not increase until a diagonal crack in the 

concrete crossed the bar. Once the crack crossed the transverse 

reinforcement, tIle strain in the bar began to increase rapidly. 

Therefore, the strain distribution in the transverse reinforcement 

indicated hmo} and where cracks initiate and propagate in the 

column. 
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5.3.2.1 Loading in Principal Direction. In this section 

the strain distributions for transverse reinforcement in the 

specimens subjected to loading in the strong direction (OUS, 

CUS, 2CUS, and CBSW) and in the weak direction (OUW, CUW, and 

CBSW) are discussed. 

Strong Direction. The strain at each level was taken as 

the average strain in the east and west faces because the loading 

was imposed in the N-S direction. In Fig. 5.9, plots of strain 

in the transverse reinforcement along the height of the column 

in the specimens OUS, CUS, 2CUS, and CBSW are shown. At t:. /2 the 
m 

strains of OUS and CUS were more than 1000 X those 

of 2CUS were less than -6 
500 X 10 . However, after lim almost all 

strains were near or in excess of yield and it was difficult to 

see major differences. 

Weak Direction. The average strain of bars in the north 

and south faces was plotted along the height of the column for 

specimens OUW, crn, and CBSW, as shown in Fig. 5.10. For OUW 

and CUW transverse reinforcement almost reached yield, however, 

CBSW did not. As described before (Sec. 5.3.1), CUW reached 

maximum load at 3~ (0.48 in.), while CBSW reached maximum load 

at 2t:. (0.32 in.) in the weak loading direction, because maximum 

load was reached in the strong direction in prior cycles. It 

is also indicated in the figure that the 

(0.32 in.) were similar to those at D. /2 
m 

strains at t:. in CBSW 
m 

in Crn{ (0.24 in.). 

Therefore, it is clear that the strain distribution for trans-

verse reinforcement also did not appear to be changed by the 

loading history. 

5.3.2.2 Diagonal Direction. In this section the strain 

in the ties in the specimens under diagonal loading (CDS30, CDW30, 

and CDSW30) is described. Fig. 5.11 shows the strain distribution 



for the specimens with loading 30° from the strong axis (CDS30, 

CDSW30) and Fig. 5.12 30° from the weak axis (CDW30, CDSW30). 

105 

The crack pattern in the north and south faces was different 

from that in the east and west faces (Fig. 5.2). Therefore, 

average strain distributions for the N-S and E-W faces are shown 

for each specimen (because the strains in each face were nearly the 

same). In Fig. 5.11 the strain distribution of the specimen with 

unidirectional diagonal loading (CDS30) and with bidirectional diag­

onal loading (CDSW30) is compared. Except for the strain distribu­

tion in the E-W face at 6 /2, there are no major differences. The 
m 

results in Fig. 5.12 also indicated that the strain distribution 

for CDSW30 (bidirectional diagonal loading) was almost the same as 

that for CDW30 (unidirectional diagonal loading). 

5.3.2.3 Review of Strains in Transverse Reinforcement. 

Comparing strains in the transverse reinforcement, it is clear 

that the strains were not affected by the loading history, and 

almost all ties reached yield at ~ or 3D.
m
!2. 

5.4 Lateral Load Capacities 

The measured maximum lateral load (resultant for diagonal 

loading), V , 
m 

sustained by each of the columns tested is lis ted 

in Table 5.1. Normalized shear strengths, V fA Jf', are also 
m c c 

listed. A 
c 

is the area (in~) of concrete surrounded by 

transverse reinforcement (core). Shear strength of concrete 

is considered to be a function of ,,/£'(25). ThE: core area was 
c 

used in order to define shear strength under large lateral 

deflections. When extensive cracking in the faces and spalling 

of concrete cover occurred, the core was carrying shear. At 

maximum load, severe shear cracks had opened. Therefore, 

normalized values were used for comparison of maximum shear 

capacity and in plotting shear deterioration diagrams. The 
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TABLE 5.1 MEASURED LATERAL LOAD CAPACITIES 

Specimen Loading f ' V V /), N m 
R Name Direction c m A :;I' m 

c c 

OUS N<IS 5810 0 66 8.8 0 . 60 0.017 

OUW E4+W 5820 0 57 7. 6 0. 80 0.022 

CMS NfoS 6090 120 86 11. 2 0. 48 0.013 

CUS N4IS 5060 120 74 10.6 0 .40 0.011 

CUW E4+W 5060 120 60 8. 6 0 .48 0 . 013 

2CUS N4IS 6090 240 91 11. 9 0. 40 0. 011 

CDS30 NE<lSW 6180 120 80 10. 3 0 .46 0.013 

CDW30 NE<lSW 6120 120 74 9. 7 0. 37 0 . 010 

CBSW N<IS 5090 120 69 9. 9 0.40 0 . 011 

E"W 52 7. 4 0 .32 0 . 009 

CDSW30 NE4+SW 5090 120 57 8. 1 0.37 0.010 

NW4+SE 62 8.8 0 .23 0.007 

£' conc rete compress i ve strengt h , psi c 

N - compress i ve axia l l oad , kips 

V - measured maximum l a t eral l oad, k i ps m (r esultant f or di agona l l oadi ng) 

A - cor e area, i n . 2 
c 

/::, peak deflec t ion, in . (defined in Sec . 5. 3) 
m 

R - drif t r a tio, /), /L 
m 

L - co l umn height , in. 
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deflection corresponding to maximum load, 6 , 
m 

and drift ratio, R, 

which is 

are a Iso 

the ratio of b 
III 

to the column height (in this test, 36 in.) 

shown in Table 5.1. For loading exclusively in the weak 

direction V fA reached values of 7.6 to 8.6Jf', and for loads , m c C 

in the strong direction V fA reached values from 8.8 to 10.6Jf' . 
m c c 

For loading along the diagonal, vrn/Ac reached values of 9.7 

to 10.3J'fT. There was little difference in the value of V fA m c c 
in spite of varying loading histories. 

5.5 Deterioration 

Envelopes of the peak values reached in load-deflection 

curves in the first, second or third cycles at each deflection 

level for the ten specimens tested were used to investigate the 

deterioration of strength after maximum load. Figure 5.13 shows an 

example of the envelope curves. As shown in this figure, the peak 

loads at each deflection limit in first and third cycles are con­

nected to make envelope curves.. The envelope curve in the first 

loading direction (in this case from south to north) is shown here 

and is plotted in most case.s.. Envelope curves provide an indica­

tion of the changes in shear with cycling at a given deflection 

level and permit comparison of these changes between different 

tests. Using envelope curVeS of the relationship between normal­

ized shear V fA JfT and lateral deflection, the effect on shear 
m c c 

deterioration of each of the following was examined --the effect of 

the compressive axial load) and the effect of the loading history .. 

5.5.1 Effect of Axial Compression. Envelope curves for 

the specimens loaded in the strong direction (OUS, CUS, 2CUS) 

are shown in Fig. 5.14(a) and in the weak direction (OUW, CUW) 

in Fig. 5.14(b). The envelopes of the load under first cycle 

in both strong and weak directions indicate that the normalized 
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shear capacity, V fA Jf', was larger and the maximum occurred 
m c c 

at a smaller deflection as the axial compressive load increased. 

After reaching maximum load, the strength dropped more rapidly 

with increasing axial compression. The change in strength from 

first cycle to third cycle also became larger with increasing 

axial compression. It is clear that the axial compressive load 

increased the capacity but caused more rapid deterioration 

of strength. 

5.5.2 Effect of Loading History. In this section the 

influence of bidirectional loading on deterioration is discussed. 

Envelopes of the peak loads of the specimens with unidirectional 

and bidirectional loading were compared. 

Envelopes for the specimens loaded in the strong loading 

direction (CMS, CUS, and CBSW) are shown in Fig. 5.15(a), and 

in the weak direction (COW, CBSW) in Fig. 5.15(b). The maximum 

loads in CUS and CBSW (strong direction) reached almost the same 

value as CMS (monotonic loading). There was little difference 

in the slope of the descending portion of the curve for specimens 

CUS (unidirectional loading) and CBSW (bidirectional loading). 

The envelopes for the third cycle of CUS and CBSW also indicated 

no difference in the slope. However, Fig. 5.15(b) shows that the 

strength of CBSW (weak direction) started dropping before the 

maximum was reached under unidirectional loading. In the strong 

direction the maximum load was at 2~ and produced distress which 

prevented the weak direction from achieving a higher strength. 

After the maximum load was reached, the descending slope of both 

specimens, COW and CBSW, indicated that the strength dropped 

at almost the same rate. 

Envelopes for specimens loaded 300 from the strong axis 

(CDS30, CDSW30) are shown in Fig. 5.16(a) and 30 0 from the weak 

axis (CDW30, CDSW30) in Fig. 5.16(b). First loading on CDSW30 
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was in the same direction as CDW30 and maximum load was reached 

at the same deflection level as CDW30(2t.). The maximum load 

(CDSW30) was about 85 percent of that sustained by CDW30. At 
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2/:5. with loading in the same direction as CDS30, the load on CDSW30 

never exceeded the value at It.. After reaching maximum load~ 

the envelopes of CDS30, CDW30 and CDSW30 indicated that there 

was little difference in the slope of the descending portion of 

the curve. 

5.5.3 Effect of Loading Direction. The envelopes of the 

peak loads of the specimens which had different loading directions 

(CUS, CDS30, CDW30, and CUW) are shown in Fig. 5.17. The shapes 

of envelopes for CDS30 (loading 30 0 from the strong axis) and 

CDW30 (loading 30 0 from the weak axis) appeared to be similar to 

that in CUS (loading in the strong axis). Although the loading 

direction of CDH30 is near that of cm, (loading in the weak axis), 

the shape of eDlno is not similar to that of euw. This phenomenon 

was observed in the comparison of the crack patterns of these 

specimens that the crack pattern under diagonal loading was 

affected primarily by the deflection in the strong direction. 

The envelope curves confirm this observation. 

50504 Review of Deterioration. Based on comparisons of 

the strength envelopes, it was observed that axial compressive load 

produced an increase in the capacities, but more rapid deteriora­

tion of strength. The maximum load in the column under bidirec­

tional loading reached almost the same value as under unidirectional 

loadingo However, after the deflection at the maximum load 

under unidirectional loading was reached in columns under bidirec­

tional loading, the strength began to drop in both directions o 

TIle slope of the descending part of the curves indicated that 

there were no significant differences between the columns with 
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unidirectional and bidirectional loading. In the load-deflection 

relationship, it was observed that the shape of the strength 

envelope under diagonal loading was affected primarily by 

the deflection in the strong direction. This phenomenon was 

also observed in the comparison of crack patterns. 
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C HAP T E R 6 

COMPARISON OF TEST RESULTS--SQUARE 
AND RECTANGULAR COLUMNS 

6.1 General 

In this chapter, the results from tests of rectangular 

columns are compared with those of square columns tested in 
22 . 23 24 

previous investigations (Maruyama, Ramlrez, and Woodward ). 

First, the test results of the square columns are reviewed and 

followed by comparisons of crack pattern, lateral load capacity 

and deterioration for square and rectangular sections. 

6.2 Review of Results-­
Square Columns 

The test results of square columns shown in Fig. 2.2 are 

revielved in this section. These columns were tested in the 

previous three investigations. In the first investigation,22 

the effect of deformation paths was studied. Deformation paths 

included in the study ranged from unidirectional deformations 

along only one axis to bidirectional complex paths as shown in 

Fig. 1.2. No axial load was applied to the specimens. In the 

second investigation,23 the effect of axial load, especially 

tensile load, on the hysteretic behavior of the column was 

studied. The applied axial loads ranged from constant tension 

or compression to reversals of axial load as shown in Fig. 1.4. 

I h I · d . .. 24 h fl· d . 1 d n t e tl1r InvestIgatIon, t e amount 0 ongitu lna an 

transverse reinforcement was ,varied as shown in Fig. 1.8 to 

determine the influence of these variables on the behavior of 

short columns. A total of about 30 square columns was tested. 

In this chapter only the results which can be compared directly 

Preceding page blank 117 
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with rectangular columns are described. Selected specimens were 

renamed for this report. The square specimens were classified 

into two groups; loading in a principal direction and loading in 

a diagonal direction. 

6.2.1 Notation. A three group code was established to 

simplify comparisons between square columns tested previously 

with the rectangular columns of this investigation. The general 

form of the notation is: 

A-LH-S 

A level of axial load 

o no axial load 

C 120 kips axial compression 

L loading direction 

P principal direction 

D diagonal direction 

H loading history 

M monotonic loading 

U unidirectional loading 

B bidirectional loading 

S number of ties within the 36 in. column 

32--1.13 in. spacing 

21--1.75 in. spacing 

blank--2.57 in. spacing--standard specimen 

9--4.0 in. spacing 

3--12.0 in. spacing 

The specimens listed in Table 6.1 are identified using this 

notation. Notations from Refs. 22, 23, and 24 are also listed 

in this table. 
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TABLE 6. 1 DESCRIPTION OF SQUARE COLUMNS 

Specimen Specimen Axial Loading Loading Tie 
Load Direction History Spacing 

New Name Old Name (kips) (in. ) 

O-PU 00-V-0-1 0 P U 2.57 

C-PU 120C-U 120 P U 2.57 

O-PB OO-V-V-A 0 P B 2.57 

C-PB 120C-B 120 P B 2.57 

O-DM 0-86-14-DM 0 D M 2.57 

C-DM C-86-11,-DM 120 D M 2.57 

O-DU OO-V-V-S 0 D U 2.57 

O-DB OO-V-V-SA 0 D B 2.57 

C-DB C-86-14-D 120 D B '''1 C-DB-32 C-86-32-D 120 D B 1.13 

C-DB-21 C-86-21-D 120 D B 1. 75 * 
C-DB-9 C-86-09-D 120 D B 4.00 J 
C-DB-3 C-86-03-D 120 D B 12.00 

P - principal direction 

D - diagonal direction 

M - monotonic loading 

U - unidirectional loading 

B - bidirectional loading 

,': - tests with variable tie spacing 
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6.2.2 Loading in the Principal Direction. The specimens 

loaded in the principal direction were classified into two groups: 

unidirectional loading and bidirectional loading. The specimens 

with unidirectional loading are O-PU (no axial load) and C-PU 

(120 kips axial compressive load). The loading histories are 

shown in Fig. 6.1(a). Specimens with bidirectional loading are 

O-PB (no axial load) and C-PB (120 kips axial compressive load). 

The loading histories are shown in Fig. 6.l(b). O-PU and O-PB 
22 were included in the square column specimens tested by Maruyama. 

Specimens C-PU and C-PB were in the series of square columns tested 

b R · 23 Y am~rez. 

6.2.3 Loading in the Diagonal Direction. The specimens 

loaded along the diagonal direction were tested to study the 

effect of loading history and of tie spacing. 

Figures 6.2(a), (b), and (c) indicate the loading histories 

for specimens with monotonic, unidirectional, and bidirectional 

loading. The specimens with monotonic loading are O-DM (no axial 

load) and C-DM (120 kips axial compression). The specimen with 

unidirectional loading is O-DU (no axial load). The specimens 

with bidirectional loading are O-DB (no axial load) and C-DB 

(120 kips axial compression). O-DU and O-DB were part of the first 
22 

series of square columns tested by Maruyama. O-DM, C-DM, and 
24 C-DB were part of a series of square columns tested by Woodward. 

Five specimens with different tie spacings (C-DB-32, C-DB-21, 

C-DB, D-DB-9, C-DB-3) were also tested under diagonal bidirectional 
24 loading by Woodward. 

6.3 Crack Pattern 

In Chapter 5, crack patterns observed in the tests of 

rectangular columns were discussed. In this chapter crack patterns 

observed in the square column tests (symmetric section) and the 
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rectangular columns (unsymmetric section) are compared. In the 

rectangular columns it was observed that in specimens loaded in 

the strong direction (specimens OUS, and CUS), the angle of 

initial cracks was around 450, but the inclination of shear 

cracks leading to failure was around 300, In specimens loaded 

in the weak direction (Omv, and COW), the angle of initial and 

failure crack patterns remained inclined at around 45°, With 

compressive axial load, a slight change was noted in the angle 

of crack inclination in the specimenso The crack pattern 
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of columns under diagonal loading l\laS influenced by deformations 

in the strong loading direction more than by those in the weak 

loading direction. The crack pattern of the specimen with 

bidirectional loadiog in the strong and weak directions was 

similar to the crack patterns under unidirectional loading prior 

to reaching maximum load. 

6.3.1 Principal Direction--No Axial Load. Crack patterns 

at maximum load in the specimens without axial load (OUS, O-PU, 

and omV) are shown in Fig. 6.3. The shear span (half of the 

column height) to effective depth ratios of the specimens OUS, 

O-PU, and omv are 1.25,1.73 and 2.44, respectively. The crack 

patterns indicate the follmving results. In OUS diagonal cracks 

leading to failure occurred from the top to bottom of the column 

with an angle to the vertical of around 30°. In 0- PU, some 

diagonal cracks opened from near the top to the bottom of the 

column, but major cracks opened near the ends of the column at an 

angle of 

to 45
0

• 

a a 
about 45. Therefore, the angle of cracks ranged from 30 

o 
In OUW the angle of nearly all cracks was 45 • The angle 

of cracks leading to failure. became smaller as the shear span to 

effec~ive depth ratio decreased and as the failure mode changed 

from flexural to shear. 
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6.3.2 Principal Direction-Axial Load. In Fig. 6.4 

crack patterns at maximum load for specimens with 120 kips axial 

compression (CUS, C-PU, and CUH) are shown. In CUS, the diagonal 

cracks leading to failure opened from the top to bottom of the 

column and the angle of these cracks from the vertical was almost 
o 

the sa:.TI.e as that in ODS, around 30 . In C-PU, diagonal cracks 

opened from the lOp to 

to 40
0 

bottom of the column and more cracks with 

1 f 300 
ang es rom ~vere noted than in O-PD. In CUH, the angle 

of initial cracks which opened near the ends of the column was 

around 45°, but slightly steeper cracks with angles from 40° to 

45° opened around midheight of the column. However, there ~vere no 

significant differences in the crack patterns of tests OUH and CW. 

There were no cracks along longitudinal reinforcement in CUS, but 

in C-PU and CUW some cracks opened along longitudinal bars and 

diagonal cracks extended from these cracks. In the specimens with 

compressive axial load, it was also clear that the angle from the 

vertical of cracks leading to failure became smaller as the shear 

span to effective depth ratio decreased. 

6.3.3 Diagonal Direction. Crack patterns in the specimen 

und er d iagona I load ing, CDS30, cm,uo, and C-DB, a re shown in 

Fig. 6.5. No square columns with axial compression under diagonal 

unidirectional loading were tested. Therefore, the crack patterns 

of C-DB (diagonal bidirectional loading) were 

and CDl.IJO. Specimens O-DU and O-DB tested by 

compared with CDS30 
22 

Maruyama and the 

rectangular columns in this study indicated that the crack pattern 

under bidirectional loading was similar to the crack patterns 

\oJith deformation in each direction up to the point where maximum 

load was reached. In CDS30, , diagonal cracks opened from the 

top to bottom of the column, as observed for CUS. In CDW30, 

diagonal cracks opened from the top to bottom of the column, 

and also diagonal cracks opened near the ends of the column, 
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as a combination of the crack pattern exhibited by CUS and CUW. 

In C-DB, diagonal cracks opened from the top to near the 

bottom of the column as in C-PU. The crack patterns in the 

square column did not exhibit the phenomenon observed in the 

rectangular column, because the strength in both directions is 

identical. However, it is clear that the crack pattern of 

columns loaded along the diagonal is similar to that of the 

columns loaded in a principal direction. In rectangular columns, 

the crack pattern of columns loaded along the diagonal is 

affected primarily by the deformations in the strong direction. 

6.3.4 Review of Observed Crack Patterns. The comparison 

of the crack patterns in the square and rectangular columns shows 

that (1) the angle of shear cracks is often assumed to be 45° for 

design purposes,25 but even if the initial crack opens at an angle 

° of 45 , the angle of the shear cracks at faicure is often less 

than 45° in a short column. This phenomenon is especially 

apparent as the shear span-effective depth ratio becomes smaller, 

and (2) the crack pattern under diagonal loading is similar to 

that under loading in the principal directions_ 

6.4 Lateral Load Capacities 

In Chapter 5 the lateral load capacities including 

measured values V and normalized values V /A JfI for the 
m m c c 

rectangular columns were listed. When the maximum shear 

capacities corresponding to loading in both principal and 

ske'\ved directions are plotted, interaction diagrams such as 

shown in Figs 6.6 and 6.7 are obtained. This diagram shows the 

relationship between shear i,n the North-South (ordinate) and 

East-Hest (abscissa) directions. It is possible to compare 

the maximum capacities of square and rectangular columns in any 

loading direction using this diagram. The interaction diagram 
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was used for cOlllparing only data of the specimens with monotonic 

or unidirectional loading. With bidirectional loading, when the 

deflection corresponding to the maximum load under unidirectional 

loading was reached, the strength in both directions began to 

drop. The maximum capacity under bidirectional load reflects 

deterioration produced by loading in an orthogonal direction. 

The performance of specimens under bidirectional loading is 

compared using shear deterioration diagrams on envelopes of peak 

values in the load-deflection curve. 

6.4.1 Interaction Diagram. Interaction diagrams for 

the square columns are shown in Fig. 6.6. For both interaction 

diagrams (with and without axial load), the maximum capacity 

measured unidirectionally in the principal axis was plotted on 

both principal axes, since the square column has a symmetric 

section. The strength obtained from Q-DM and Q-DU for loads on 

a diagonal are also plotted. The two points for diagonal loading 

are near the circle drawn through the points on the principal 

axes (O-PU). The differences between the measured values for 

a-OM and O-DU are within 15 percent of the value for the 

circular interaction diagram (Table 6.2). The capacity of C-DM 

is located very ncar the circle (see values in Table 6.2). 

Therefore, based on the maximum capacities of square columns 

with unidirectional loading directions, it was clear that the 

maximum capacity of square columns with diagonal loadings can be 

estimated using strength in the principal loading direction on a 

circular interaction diagram. 

In Fig. 6.7, an interaction diagram for the rectangular 

column with axial load is shown. No rectangular column without 

axial load was tested along the diagonal loading direction. 

As the rectangular column has an unsymmetric section, the maximum 

capacity in the weak direction (CUW) was plotted on the east-west 
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TABLE 6.2 RELATIONSHIP OF MAXIMUM CAPACITIES BETWEEN 
PRINCIPAL AND DIAGONAL LOADING DIRECTION 

Sguare Column 

(1) (2) 
Specimen Loading V 

..ill m 
Name Direction* 

A Jf' Circle (2) 
c c 

O-PU 0° 7.9 7.9 1.00 

O-DM 45° 7.1 7.9 0.90 

O-DU 45° 9.1 7. 9 1.15 

C-PU 0° lD.O 10.0 1.00 

C-DM 45° 9.4 10.0 0.94 

Rectangular Column 

Specimen Loading (1) (2) 
V Name Direction* m Ellipse ..ill 
~ (2) 

CMS 90° 11. 2 } Avg. 1.03 

90° 10.6 lD.9 0.97 CUS 

CDS30 60° lD.3 10.2 1.01 

CDW30 30° 9.7 9.0 1.08 

CUW 0° 8.6 8.6 1.00 

* The angle from east-west direction 
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principal axis and the capacity in the strong direction (eUS 

and CMS) was plotted on the north-south principal axis. Based 

on the strength of CUW and the average strength of CUS and CMS, 

an elliptical interaction diagram was drawn. As can be seen, 

the capacity of CDS30 (loading of 600 from the east-west axis) 

and CDW30 (loading of 300 from the east-west axis) lie nearly on 

the ellipse . The values in Table 6.2 indicate that the strength 

of CDS30 and CDW30 is within 8 percent of the elliptical interaction 

line. 

Therefore, the maximum capacities of the columns with 

diagonal unidirectional loading can be estimated by an interaction 

line (circle or ellipse) connecting the maximum capacities of the 

columns under unidirectional loading along the principal axis . 

6.4.2 Comparison of Interaction Diagram--Square and 

Rectangular Columns. A comparison of the interaction diagrams 

for square and rectangular columns without and with axial load 

is shown in Figs. 6.8(a) and (b). Normalized values of shear 

V /A JfI become larger with decreasing shear span to effective 
m c c 

depth ratio in both cases, without and with axial load. The 

shear span to effective depth ratio is 1. 25 for loading in the strong 

direction of the rectangular column, 2.44 for the weak direction, 

and 1.73 for both directions in the square column. The difference 

between normalized strength in the two principal directions of 

the rectangular columns is about 30 percent (11 .2 vs. 8.6Jf', 
c 

Table 6.2). The square column st r ength (IOJf') falls between 
c 

the values for the r ectangu lar column. It should be noted 

that the core area of the square column (A = 100 in~) is c 
. 2) almost the same as that of the rectangular column (A = 98 1n . . c 



6.5 Deterioration of Shear Capacity­
Deformation Envelopes 
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In this section the effect of loading history (unidirec­

tional vs. bidirectional), shear span to depth ratio, and axial 

compression on the deterioration of shear capacity are discussed 

using envelopes of the relationship between normalized shear and 

lateral deflection. Also, the effect of tie spacing on deteriora­

tion is reviewed using the results of square columns. 

6.5.1 Loading History. The effect of loading history 

on the shear capacity of the rectangular columns was discussed 

in Sec. 5.5. On the rectangular columns with bidirectional 

loading in the principal direction (CBSW) and diagonal direction 

(CDSi.J30), the maximum load in the column under bidirectional 

loading reached almost the same value as under unidirectional 

loading. However, when deflection reached the value corresponding 

to the maximulll load undl2r un idi rec tiona I load ing, th est rength 

under bidirectional loading began to drop in both directions. 

Figures 6.9(a) and (b) provide an indication of shear 

deterioration in square columns loaded in the principal direction. 

In Fig. 6.9(a), the comparison of O-PU (unidirectional) and 

O-PB (bidirectional) is shown. The sequence of loading is 

indicated by (1) loading direction applied first, and (2) 

loading direction applied second. Direction (1) reached 

maximum load at 36, the same deflection level where O-PU 

reached maximum load. The maximum load in a-PB is around 

85 percent of that of O-PU. At 36, the load in direction (2) 

began to drop slightly. In Fig. 6.9(b), C-PU (unidirectional) 

and C-PB (bidirectional) are· compared. Both directions (1) and 

(2) reached almost the same maximum load as in C-PU. In 

Figs. 6.10(0) and (b) the envelopes of peak loads in square 

columns loaded along the diagonal are shm'll. In Fig. 6.10(a), 
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the comparison between O-DU (unidirectional) and O-DB 

(bidirectional) is shmm. Direction (1) reached almost the 

same maximum load reached by O-DU at 2t:,. Direction (2) began 

to drop after direction (1) reached maximum load. In Fig. 6.10(b), 

specimen C-DM (monotonic loading) is used for comparison since 

there are no data for a specimen under unidirectional diagonal 

loading. C-DB (bidirectional) is compared with C-DH. Direction (1) 

reached maximum load at 2~ at a load almost equal to that of C-DM. 

Direction (2) began to drop after direction (1) reached maximum. 

In square columns, it is clear that the maximum load in the column 

under bidirectional loading reaches almost the same value as that 

under unidirectional loading, but after the deflection at the 

maximum load under unidirectional loading is reached, the strength 

begins to drop in both directions. 

6.5.2 The Effect of Shear Span to Effective Depth Ratio. 

Figures 6.II(a) and (b) indicate the influence of the shear span 

to effective depth ratio on shear deterioration of the specimen 

without and with axial load. In Fig. 6.11(a), a comparison of 

envelopes for OUS (a/d"= 1.25), O-PU (a/d*= 1.73), and OUW 

(a/d*= 2.44) are shown. OUS shows the largest maximum capacity, 

but more rapid loss of capacity than OUW. In Fig. 6.11(b), 

the diagrams for CUS (a/d*= 1.25), C-PU (a/d*= 1.73), and CUW 

(a/d 1,= 2.44) are indicated. CUS shows the largest maximum 

capacity, but more rapid loss of capacity than C-PU and CUW. 

C-PU had larger maximum capacity than CUW, but after reaching 

maximum load, the descending part of the curves for C-PU and CUW 

were almost identical. Therefore, it is clear that the maximum 

load becomes bigger, but after it is reached, deterioration 

occurs more rapidly, as the shear span to effective depth ratio 

decreases. 
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6.5.3 The Effect of Compressive Axial Load. The influence 

of compressive axial load on the behavior of the rectangular 

columns was described in Sec. 5.5. In this section the results 

of square columns are compared with those of rectangular columns. 

Figure 6.12 shows envelopes of the peak loads for the square 

columns (O-PU and C-PU), the strong direction of the rectangular 

columns (OUS, CUS, and 2CUS), and the weak direction of the 

rectangular columns (OOW and COW). As the axial compression 

increases, the maximum load increases 25 percent of O-PU for 

C-PU (square columns), 20 percent of OUS for CUS, 35 percent of 

OUS for 2CUS, and 13 percent of OOW for cm, (rectangular columns). 

The maximum lateral load in specimens with axial load occurred at 

2/3 of the deflection at which the specimens without axial load 

reached the maximum loads (in both square columns and rectangular 

columns). In the envelopes for rectangular columns, it was 

observed that after reaching maximum load, the strength dropped 

more rapidly with increasing axial compression. Therefore, it 

is clear that maximum load is larger and occurs at smaller 

deflections, but more rapid deterioration of strength occurs with 

increasing axial compression. 

6.5.4 The Effect of Tie Spacing. Figure 6.13 shows the 

shear-deflection envelopes for square columns with varied spacings 
24 

of transverse reinforcement tested by Woodward. In this figure, 

the specimen (C-DB-32) with 1.13 in. spacing reached the highest 

capacity of all five specimens, but after the maximum load the 

strength dropped rapidly. In all specimens, there was little 

difference in the slope after the maximum load is reached. 

However, the transverse reinforcement increased the maximum capacity 

about 20 percent and approximately doubled the deflection a"t which 

the maximum capacity was reached. Decreased tie spacing increased 

the deformation levels at which capacity could be maintained, but 
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did not significantly improve the rate of deterioration once the 

capacity began to decrease. 

6.5.5 Review of Deterioration. In Sec. 6.5, the 

deterioration of strength as influenced by the loading llistary, 

shear span to effective depth ratio, axial compression, and tie 

spacing was discussed. Based on comparisons of the strength 

envelopes, it was observed that the maximum load in the column 

under bidirectional loading reached almost the same value as that 

under unidirectional loading, but after the deflection correspond­

ing to the maximum load under unidirectional loading was reached, 

the strength began to drop in both directions. As the shear span 

to effective depth ratio decreased, the maximum load in the column 

increased, but after it was reached, deterioration of the strength 

occurred more rapidly. As axial compression increased, the maximum 

load became larger and occurred at smaller deflection levels, but 

more rapid deterioration of strength occurredo As amounts of 

transverse reinforcement increased, the maximum capacity increased 

somewhat and the ability of the specimen to maintain capacity was 

improved, but after the maximum load was reached deterioration of 

strength still occurred rapidly. 





C HAP T E R 7 

PREDICTION OF LATERAL CAPACITY 

7,1 General 

From the discussions and comparisons of experimental 

results in Chapters 5 and 6, it is clear that two important 

factors must be considered in evaluating the behavior of short 

columns: (1) the shear capacity of short columns, and (2) the 

deterioration of the strength after reaching maximum load. It 

was observed during testing that in many cases the strength of 

the short column dropped rapidly after reaching maximum load, 

even though the maximum load was equal.tD or greater than the 

calculated flexural capacity which is described in this chapter. 

Therefore, to ensure that the short columns will have adequate 

energy dissipating characteristics, not only must the shear 

capacity equal or exceed the flexural capacity, but deterioration 

of strength must be controlled or elimin8ted. In this chapter 

several methods of calculating lateral load capacity of reinforced 

concrete members are presented and in the next chapter the 

procedure to evaluate the behavior of short columns taken into 

account shear strength and deterioration of strength is described. 

The shear capacity of columns will be evaluated using 

(1) equations contained in ACI 318-77,25 (2) formulations based on 

1 " h I'hl b db hool' 27,28,29 P ~stlclty t cory W1iC 1ave een propose y T ur imann 

. 30,31,32 f' (3) and Nlelsen using a re lned truss model, and an 

, I I 33,34 h· h b equation proposec Jy Zsutty W lC is ased on a statistical 

analysis of existing experimental data. In addition, an equation 

based on a statistical analysis of data from various studies of 
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beams failing in shear is introduced. For each approach, the 

computed shear capacity is compared with the meas ured capacity 

of square and rectangular short columns. The shear capacity 

is also compared with computed lateral flexural capacity. 

7.2 Computed Lateral Flexural 
Capacity 

The lateral load capacity of the short column based on 

flexure was derived from consideration of a hinging mechanism 

forming at the ends of the column as shown in Fig. 7 . 1. The 

lateral load capacity governed by flexure is 

where 

= 
2M 
.-E. 

L 

V
f 

= lateral load capacity based on Mn 

M = nominal moment strength 
n 

L = length of the column 

The ultimate moment capacity for each column was calculated 

using a computer program developed to obtain the r e lation 

between moment and curvature of a reinforced concrete section 

for loading in any direction (bending about any axis). 

(7.1) 

The program divides the section into a number of elements 

as shown in Fig. 7.2, and assumes that the strain at the centroid 

of each element is uniform over that element. In the ca s e of 

diagonal loading, the calculation of moment is slightly more 

complicated, but basically is not different from loading in 

a principal direction. If there are n elements, numbered 

from the top, each element has depth hln (h is the overall depth 

of the section (Fig. 7.2». The depth from the top to the 

centroid of element i is (i - O.5)h/n . If the strain in the 

top fiber and the neutral axis depth from the top fiber are 
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Fig. 7.1 Column hinging mechanism 
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(i-O.S) h/n 

t 

Principal Direction Strain Distribution 

h 

Diagonal Direction Strain Distribution 

Fig. 7.2 Discrete elements 
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assumed, the strain at the centroid of the element is calculated. 

The stress on the element is determined on the basis of assumed 

stress-strain curves for both concrete and steel. From the 

stress and the area of the concrete and steel in each element, 

the force in each element is calculated and summed to compute 

the axial load. The iterative technique is used to make the 

computed axial load equal to the given axial load. Each element 

force times the corresponding moment arm is summed to calculate 

the moment. Figure 7.3 shows the flow chart used to obtain 

moment-curvature relationships for the column sections. 

The stress-strain curves for the concrete and steel used 

in the program are shown in Fig. 7.4 and Fig. 7.5, respectively. 
26 

The stress-strain curve for confined concrete by Kent and Park 

as shown in Fig. 7.4 was used for the compression zone of the 

concrete. For the tension zone (first loading cycle only), the 

same quadratic curve as for the compression zone was used and the 

descending portion consisted of a line from the concrete tensile 

strength (f
t

) to 85 percent of ft' The stress-strain curve shown 

in Fig. 7.5 was used for the steel. The compressive yield strength 

was assumed the same as the tensile yield strength and before 

strain hardening, a bilinear stress-strain curve was used. After 

strain hardening, a quadratic expression defined the curve until 

ultimate strength was reached. 

Mea~ured material strengths were used to compute the 

moment capacity of the square and rectangular columns, In 

Table 7.1 the flexural capacities of the 

compared with the measured maximum loads 

columns (V
f

) are 

(V ). For four 
m 

specimens, primarily square columns, the ratio of Vm to V
f 

was more than 1.0. On the basis of the computed capacity, 

those specimens ~.Jere likely controlled by flexure. However, for the 

other specimens in which vm/v£ < 1.0, the measured capacity will 

be compared with computed shear as described in the next section. 
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Input Data 
(size of cross section material property) 

I Set Strain of Top Fiber I 
~ 

I Assume Neutral Axis I 
r---" 

Revise Neutral 
Axis 

I Compute Stra in at Each Element I 
Stress-Strain 

Curve 
Concrete Steel 

Compute Sum of Force (Axial Load) I 
t 

NO Computed Axial Load ~ Given Axial Load 

YES 

I Compute Moment and Curvature J 
YES 

Strain of Top Fiber ::. Maximum Strain 

NO 

Stop 

Fig. 7.3 Flmv chart of the program 
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Fig. 7.4 Concrete stress-strain relation 
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Fig. 7.5 Steel stress-strain relation 
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TABLE 7.1 COMPUTED FLEXURAL AND OBSERVED CAPACITIES 

f' V V V
f 

Vf X Specimen 
m 

c N m 
A off' A:JF: 

Name psi kips kips c c kips c c 

O-PU 5000 0 56 7.9 49 6.9 1. 14;' 
C-PU 4450 120 67 10.0 80 12.0 0.84 
O-PE 6000 0 52 6.7 53 6.8 0.98 

~ C-PB 5950 120 77 10.0 78 10.1 0.99 
~ O-OM 5950 0 55 7.1 65 8.4 0.85 
H 
0 C-OM 5250 120 68 9.4 76 10.5 0.89 u 
w O-OU 4950 0 64 9.1 59 8.3 1. 08;' 

'" O-OE 5050 0 61 8.6 59 8.3 1. 03" 
:3 C-DB 4650 120 68 10.0 73 10.7 0.93 0-
w C-OB32 5400 120 78 10.6 80 10.9 0.98 

C- DB21 5750 120 76 10.0 84 11. 1 0.90 
C-DB9 5750 120 64 8.1,. 84 11.1 0.76 
C-DB3 6100 120 66 8.5 80 10.2 0.83 

OUS 5810 0 66 8.8 95 12.7 0.69 

~ 
OUW 5820 0 57 7.6 51 6.8 1. 12;' 

~ CMS 6090 120 86 11.2 120 15.7 0.72 
H CUS 5060 120 74 10.6 113 16.2 0.65 0 
u CUW 5060 120 60 8.6 68 9.8 0.88 

'" 2CUS 6090 240 91 11.9 134 17.5 0.68 j 
COS30 6180 120 80 10.3 105 13.6 0.76 ~ 

'-' COW30 6120 120 74 9.7 78 10.2 0.95 z 
E"i (8) CBSlV 5090 120 69 9.9 114 16.3 0.61 
;;l (w) 52 7.4 69 9.9 0.75 
'" (8) CDS1{30 5090 120 62 8.8 98 14.0 0.63 

(w) 57 8.1 73 10.4 0.78 

(8 ) - strong direction 

(w) - 'l;veak direction 

" - reached computed flexural capacity 
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7.3 Computed Lateral Shear Capacity 

Several methods to calculate the shear capacities of 

short columns are described and compared with the experimental 

results. From the tests of short columns, it was concluded 

(Sec. 6.4) that if the maximum capacities in the principal 

directions are calculated, the capacity in a diagonal loading 

direction can be calculated easily using a circle for the square 

columns and an ellipse for the rectangular columns to define 

the interaction curve . It was also concluded that with 

bidirectional loading, the capacity in at least one loading 

direction would reach almost the same capacity as a similar 

column under unidirectional loading in the same direction. 

The shear capacity of a diagonally loaded member is not 

specifically defined in all method s described in this chapter. 

However, from the empirical results of this study, it is not 

necessary to calculate that capacity because an interaction 

relationship can be defined . For example, ·the shear capacity 

of the squate column under loading 45 0 from the principal 

direction is equal to that in a principal direction, because the 

interaction is a circular curve. In a rectangular column, the 

shear capacity under loading 300 from the strong axis can be 

calculated from the shear capacities using the strength in the 

strong and weak directions and constructing an elliptical 

interaction curve. 

The shear capacity equations in all methods to be 

described in this report are based on beams loaded monotonically. 

The short columns were loaded cyclically. However, previous 
22 23 24 

investigations of the square columns ' , showed that the 

maximum shear capacity was. not significantly affected by the 

loading history --monotonic, unidirectional or bidirectional. 

The results' of the current investigation indicate that the 



specimens with monotonic, unidirectional and bidirectional 

loading (CMS, CUS and CBSW) had almost the same maximum shear 

capacities (Fig. 5.8). Therefore, all methods based on 

monotonic tests are assumed to be appropriate for determining 

the capacity of cyclically loaded columns, provided that the 
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proper effective shear area is considered in each case. For 

bidirectional loading only the shear capacity in the direction 

reaching the deflection corresponding to the maximum shear 

strength of columns under unidirectional loading was compared with 

the calculated shear capacity. 

7.3.1 Shear Capacity--ACI 318-77. The shear strength 

of a member according to the 1977 ACI Building Code
25 

is taken 

as the summation of the contribution of the concrete (V ) 
c 

and the contribution of the transverse reinforcement (V
s
)' The 

V term represents the capacity of the concrete at the onset of 
c 

shear cracking. There are two equations for V. The first one 
c 

is given by Eq. (11.3) in the ACI Code: 

where 

v 
c 2b d Jf' w c 

v 
c 

nominal shear strength provided by concrete, Ibs. 

b web width, in. 
w 

(7.2) 

d distance from extreme compression fiber to centroid 

of longitudinal tension reinforcement, in. 

For members subjected to axial compression, Eq. (11.4) in the 

ACI Code is used. 

v 
c JfI c 

(7.3) 



156 

where N ~ applied axial compression 

A gross area of cross section 
g 

N/A is expressed by psi unit. 
g 

The second one is given by Eq. (11.6) in the ACI Code: 

where 

v ~ 

c 

ratio of longitudinal reinforcement, A /b d 
s w 

A ~ area of longitudinal tension reinforcement, in~ 
s 

v = factored shear force at section, Ibs. 
u 

M factored moment at section, Ibs. in. 
u 

(7.4) 

M is occurring simultaneously with V. at section considered. 
u u 

The calculated value of V by this equation should be less than 
c 

3.5b d Jf'. w c 
For members subjected to axial compression, M 

m 
shall be substituted for M (Eq. (11.7) 

u 
in the ACI Code). 

where h 

M 
m 

M 
u 

_ N( 4h - d) 
8 

overall depth of section, in. 

However, V shall not be taken greater than (Eq. (11.8) in the 
c 

ACI Code) 

V ~ 3.Sb d Jf1 Jl + O.002N/A 
eWe g 

(7.5) 

(7.6) 

For transverse reinforcement perpendicular to the axis of member, 

the equation for V (Eq. (11.17) in the ACI Code) is 
s 

V 
s 

(7.7) 



where v 
s 

A 
v 

nominal shear strength provided by transverse 

reinforcement 

area of transverse reinforcement within a distance 
. 2 

8
h

, 111. 

f yield strength of transverse reinforcement, psi 
ys 

s = spacing of transverse reinforcement, center-to­
h 

center, in. 

The total shear capacity is Vn = Vc + Vs' 
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The ACI Code also contains special provisions for deep 

beams. Deep beams are defined by the ACI Code as having a 

length-to-effective depth (d) ratio of less than 5 and loaded on 

the compression face. The deep beam provisions are based on 

simple beam tests with one or two loading pOints on the 

compression face as shown in Fig. 7 .6(a). The applied load is 

transferred to the reaction through a compression strut. In 

the deep beam, two compressive struts occur from the applied 

load to the supports. /'.s shmm in Fig. 7.6(b), the short 

column can be considered to have only one compressive strut from 

top to bottom in the column. Unlike the simple beam of Fig. 7.6(a) 

which has moment of the same sign over its entire length, moment 

in the short column changes sign at the midheight of the column. 

The mechanism of the short column is similar to that of continuous 

beams. Therefore, deep beam provisions were not considered in 

calculations for the shear capacity of the short columns. 

In the ACI Code the effective depth (d) is defined as 

the distance from extreme compression fiber to centroid of 

longitudinal tension reinforcement. Therefore, the values of 

effective depth as shown in Fig. 7.7 were used. In comparison 

with calculated shear using this effective depth, the effective 

depth (d*) defined as the distance from extreme compression fiber 
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to extreme tension reinforcement is also used. The shear capacity 

of the column under diagonal loading was computed from the shear 

capacities in the principal loading directions using circular 

and elliptical interaction curves. Therefore, there was no 

need to attempt to define the skewed sectional area carrying 

shear under diagonal loading. 

In Table 7.2 the shear capacities computed using the 

ACI equations and observed capacities are compared. For the 

rectangular columns, only the observed shear capacities in the 

strong direction of CBSW and in the direction 30 0 from the 

weak axis of CDSW30 were selected since those directions reached 

maximum capacity first. The shear capacities computed using 

Eqs. (7.2) and (7.3) are compared with those computed using 

Eqs. (7.4), (7.5), and (7.6) first Cd is used as the effective 

depth in both cases). The calculated values using the former 

equations are slightly greater than those using the latter 

equations. Therefore, the former equations are used to compare 

with observed capacities and also to compute the shear capacities 

* using the effective depth d. The ratio of observed capacity to 

the capacity by ACI provides some indication of the applicability 

of the ACI equations to the short columns tested . From the values 

of V Iv (average is 1.66), the shear computed using the ACI 
m n 

equations is conservative. When d* was selected as the effective 

depth, the 

calculated 

average of V Iv was 1.38. 
m n 

us ing d* are nea rer l. 0 than 

The values of V Iv m n 
those calculated using d. 

However, the shear computed using d* is still conservative. It 

should be noted that the specimens which reached computed flexural 

capacity are not included in the calculation of the average and 

standard deviation of V Iv. The results of some short columns 
20 21 m n 

tested in Japan ' (Fig . 7.8) show that shear deterioration 

occurred after maximum capacity was reached. In this case V (ACI) 
n 
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was much larger than V
f 

because a large amount of transverse 

reinforcement was used. For Vn > Vf' the behavior of a short 

column should be governed by flexure. Therefore, in some short 

columns designed using ACI equations the deterioration of shear 

capacity may occur leading to a severe reduction of energy dis­

sipating capacity. The tests in which shear deterioration occurred 

(Refs. 20 and 21) will be discussed in detail in Sec. 7.3.4.4 and 

in Chapter 8. 

7.3.2 Shear Capacity-Plasticity Theory. Over the past 

ten years research groups at the Swiss Federal Institute of 

Technology at Zurich and at the Technical University of Denmark 

have been developing approaches to design for shear and torsion 

in reinforced concrete and prestressed concrete members using 

plasticity theorems. The plasticity theorems are applied to a 

refined truss model. A similar approach has been proposed by 

researchers in Canada (Collins and Mitchel1
54

), but was not 

available at the time this evaluation was made. 

7.3.2.1 ThUrlimann. 27 28 29 Thurlirnann I s approach ) , is 

based on the plasticity theory applied to the truss model shown 

in Fig. 7.9. The truss model consists of longitudinal reinforce­

ment, concrete in the compression zone acting as a chord, vertical 

stirrups, and concrete diagonals as inclined compression struts. 

In the ACI method, the inclination ct of the concrete compression 

strut is assumed to be at 45°. In the Th~rlimann approach, ct is 

a variable. Since the section is analyzed using plasticity 

theorems, the inclination ct corresponds to ultimate and not to 

first inclined cracking. This approach is intended to provide 

the maximum strength of the reinforced concrete member. The 

development is based on six assumptions: 
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(1) At ultimate load the concrete resists only compression. 

(2) The reinforcement causes only uniaxial forces (no 

dowel forces). 

(3) Failure occurs due to yielding of the longitudinal 

reinforcement prior to crushing of the concrete 

(underreinforced section). 

(4) The reinforcement must be properly detailed to 

prevent local failure. 

(5) At ultimate load, after all elastic and inelastic 

deformations and redistribution of internal forces 

have taken place, the following holds true: 

uniaxial yielding of the steel reinforcement and 

the opening of the final cracks in the concrete is 

normal to the crack direction. 

(6) To prevent crushing of the concrete, there must be 

an upper limit for the concrete stresses, and also 

limits on the angle of inclination a of the 

compression struts. 

Figure 7.10 shows the idealized web of a concrete section 

where shear V, bending M, and axial force N are acting. The 

truss forces are the upper and lower stringer forces F u and F.t' 

the stirrup forces S, and the resultant diagonal force D resisted 

by the concrete compression struts under the variable inclination a. 

From an equilibrium analysis, the following relations can be 

developed. The diagonal force D: 

D 
_v_ 
sinO' 

Therefore the compressive stress in the concrete diagonals 

is a : 
c 

(7.8) 
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D V _-=1 __ 
bh I x s inacosQ' 

(7.9) 
bh'cosQ' 

where the positive sign indicates compression in only the concrete. 

The stringer forces Fu and F~: 

Upper: F = li !:L +Y.. cotQ' (7.10) u 2 hI 2 

Lower: F1, 
li + M +Y.. (7.11) 2 hI 2 

cota 

Since the shear force V: 

V S X 
~ cote( (7.12) 
sh 

then the force in the stirrup s: 

S V X 
sh 

h' tanQ' (7.13) 

For an underreinforced section the following conditions must be 

met (strain hardening of reinforcement is neglected) : 

Upper Stringer: F ,: F A f (7.14 ) u yu u yu 

Lower Stringer: F 
1, 

;; F 
yf, 

A £ 
1, Y 1, 

(7.15) 

Stirrup: S ~ S A f (7.16 ) 
Y v ys 

Concrete Strut: CY " f (7.17) c c 

where F ,F. and S 
yu YN Y 

are the yield forces; A , An, A the cross 
u N v 

sectional areas; f , 
yu 

reinforcement; and f 
c 

case in which bending 

f n' f the yield stresses of the respective y.. ys 
the effective concrete strength. Only the 

and shear occur together is considered. 

At ultimate load the lower stringer and the stirrups must yield. 
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s = s y 

(7.18) 

(7.19) 

Neglecting the axial force, the ultimate values of moment ~, and 

shear Vp along with Eqs. (7.18) and (7.19) can be substituted into 

Eqs. (l.ll) and (7.13): 

s 
y 

tana' :::: 

~ Vp 
hi + 2 cota 

Combining Eqs. (7.20) and (7.22): 

= 

(7.20) 

(7.21) 

(7.22) 

(7.23) 

For convenience, the following reference values are used. For 

Vp = 0, the "plastic moment" ~O is derived from Eq. (7.23) 

~o F h' 
yP, 

For ~ == 0, the "plastic shear force I! VPO is derived from 

Eq. (7.23) 

2F S h' 
yP, Y 

(7.24) 

(7.25) 
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Equations (7.23), (7.24), and (7.25) produce the following 

equation for the interaction between shear and bending: 

1 (7.26) 

Ultimate shear in the beam and the column as shown in Fig. 7.11 can 

be computed using Eq. (7.26). I-), and Vp are related as follows: 

a 

where a is the shear span. Combining Eqs. (7.26) and (7.27): 

V 2 + 
p 

aV 2 
~ 

1-),0 
o 

(7.27) 

(7.28) 

The quadratic equation (7.28) is solved for ultimate shear Vp: 

+ 4M 2 - aV 
-L'O PO (7.29) 

From experimental results reviewed by Thurlimann, the crack angle O! 

has the limits: 

0.5 '" tanC/ '" 2.0 (7.30) 

The bending-shear interaction diagram, based on Eq. (7.26) can be 

divided into three types of failure mechanisms as shown in Fig. 7 12. 

These mechanisms are governed by the inclination of the angle Ct. 

The limiting values of tan~ are represented as dashed lines in 

the figure. For values of tana less than 0.5, a shear mechanism 

will occur. It means that the transverse reinforcement yields 

without yielding of the longitudinal reinforcement. For values 
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P P 

I-
a 

-I I-
a 

'1 

~ = Pa 

1 ~ V = P Vp 
= a 

p 

M P 
P .. 

T 
a 

+ a 

1 
~ "'" p 

~ = Pa } ~ p - = a V = Vp P 

Fig. 7.11 Relation between ~ and Vp 
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of tana greater than 2.0, a bending mechanism will occur, which 

means the longitudinal reinforcement yields without yielding of 

the transverse reinforcement. Thu'rlimann suggests that a 

combined mechanism, where both the longitudinal and transverse 

reinforcement yield, will occur for values of tana specified 

in Eq. (7 . 30). Vp from Eq. (7.22) can be substituted into 

Eq. (7.30) to obtain: 

S hI 
:;; 2.0 X ...:L-. 

sh 
(7.31) 

Using Eqs. (7.29) and (7.31), the shear capacities of short 

columns were calculated. For short columns with axial compres­

sion, F = F - N/2 was substituted for F, = F in Eq. (7.18). 
ty t ",y t 

In this case N/2 is equal to the compression acting on the 

longitudinal reinforcement in tension under lateral loads. 

Table 7.3 shows a comparison of the shear capacities 

calculated using Thurlimann's approach and observed capacities. 

As the shear capacity of the square column under diagonal loading 

is the same as that under principal loading direction, the values 

of Vpo ' ~O' tana and Vp in the specimen under loading in the 

principal direction are used. For the rectangular column, the 

value of Vp can be estimated by the values under principal 

loading directions using an ellipse, but the values of Vpo ' ~o' 
and tana are different from those under principal loading 

directions. There is no way to estimate such values; therefore, 

no entry is shown in the table. 

The shear capacities of more than half of the columns 

were determined by the limiting values of tana (0.5 :;; tana :;; 2.0). 

The values of a corresponding with tan~ = 0.5 is about 27 0 . From 

observations of the crack pattern, the angle of the cracks in all 
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TABLE 7.3 THURLIMANN'S APPROACH AND OBSERVED CAPACITIES 

V M V V 

Jvp 
Specimen po po P m 

Name kips kips in. tana. kips kips 

O-PU 66 905 0.52 36 56 1. 56",* 
C-PU 76 1203 0.5 (0.42)" 37 67 1. 81 
O-PB 66 905 0.52 36 52 1.44 

~ C-PB 69 986 0.5(0.49)* 38 77 2.03 
,-, O-DM 78 1196 0.5 (0.44)* 40 55 1. 38 
0 C-DM 79 1211 0.5 (0.44)* 40 68 1. 70 u 

~ 
O-DU 73 1110 0.5 (0.45)" 37 64 1. 73*", 

c:i O-DB 73 1110 0.5 (0.45)'" 37 61 1. 65"'* 
CY C-DB 82 1288 0.5(0.42)" 40 68 1. 70 
en C-DB32 120 1273 0.79 56 78 1. 39 

C-DB21 97 1273 0.56 51 76 1.49 
C-DB9 64 1273 0.5 (0.30)" 25 64 2.56 
C-DB3 37 1273 0.5 (0.15) * 8 66 8.25 

OUS 76 1704 0.5(0.33)* 34 66 1. 94 
~ OUW 79 936 0.57 39 57 1. 46 ",", 
S CMS 78 1828 0.5(0.31)'" 34 86 2.53 
0 CUS 79 1838 0.5(0.31)" 34 74 2.18 u 

j CUW 83 1025 0.53 42 60 1.43 
ZCUS 81 1959 0.5 (0.30)" 34 91 2.68 

;co CDS30 39 80 2.05 () 
z CDW30 44 74 1.68 <l1 
H (s) CBSW 79 1838 0.5(0.31)* 34 69 2.03 u 
~ (w) CDSW30 40 57 1.43 

Average 2.19 

Standard Deviation 1.48 

(s) - strong direction 

(w) - weak direction 

.J.; _ V governed by tana = 0.5, 
P 

tana from calculation in ( ) 
;'0" _ specimens reached computed flexural capacities 

neglected in average and standard deviation 
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specimens was less than 45°, In the rectangular columns loaded 

in the strong direction (OUS, CUS, CMS, etc.) the angle of the 

cracks leading to failure is around 30 0 , Hmvever, the average 

of the ratios of the measured-to-computed capacity (Vrn/Vp ) is 

around 2.0 and is very conservative. In the case of the square 

columns with a large spacing of transverse reinforcement, C-DB9 

and C-DB3, the measured shear capacities are almost the same, 

but the ratios of Vm/Vp are 2.6 and 8.3. From tests and 

experience Th~rlimann divides the state of behavior of the member 

into a transition zone and a full-truss zone. In the transition 

zone, a diminishing tensile force is transmitted by such mechanisms 

as aggregate interlock and Eqs. (7.8) through (7.31) are corrected 

to satisfy the experimental results. In the full-truss zone, the 

member exhibits fully plastic behavior and Eqs. (7.8) through 

(7.31) can be applied. For short columns, the contribution of the 

concrete is much more important than that of transverse reinforce­

ment and the member may fall into the transition zone where 

equations must be adjusted to fit the experimental data. A 

comparison using the approach for a transition zone was omitted, 

because the adjustments proposed for beams were not appropriate 

for short columns. Therefore, comparing the ratios of the 

measured-to-calculated capacities using Eqs. (7.8) through (7.31) 

for the full-truss zone, it may be concluded that Thurlimann's 

approach is very conservative and does not provide a good measure 

of the performance of short columns. 

3 2 2 1 , h 30 ,31,32 b d 7. .. Nielsen. Nie sen s approac is ase on 

the plasticity theory applied to the truss model as in Thlirlimann' s 

approach. The same assumptions are used and the procedure is 

similar to ThUrlimann's. The difference between the two approaches 

is in determining the forces which affect the shear capacity of 

the truss model shown in Fig. 7.9. In Thurlimann's approach, 

the equation for shear capacity is derived from the equations of 
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lower stringer force F~ (Eq. 7.11», and the force in the stirrup 

S (Eq. (7.13». In Nielsen's approach, the equation for shear 

capacity is derived from the equations of the diagonal force 

resisted by the concrete compression struts D (Eq. (7.8» and 

the force in the stirrup S (Eq. (7.13». 

From Fig. 7.10 which shows the idealized web of a concrete 

section, the equilibrium equations are developed as described 

before. 

The diagonal force D: 

D 
_v_ 
sinO;' (7.8) 

Therefore, the compressive stress in the concrete diagonals is a : 
c 

D 
(J 

c bh'coscv 

and the shear force V: 

v 

..y..- 1 
bh ' X -:.~-­

SlnQ'COSQ' 

u bh'cosQ'sinQ' 
c 

(7.9) 

(7.32) 

where the positive sign indicates compression in the concrete. 

The stringer force F and F : 
1I f., 

Upper: 

Lower: 

F 
u 

The force in the stirrup S: 

S 

!i M -2 h' 

!i + M 
2 i;T 

v X 

+ Y.. cota 
2 (7.10) 

+Y.. 
2 cotQl (7.11) 

tanQ' (7.13) 
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The following assumptions are added. The yield strength of the 

lower stringer is Ft = F£y = A£f
y

£ The yield strength of the 

stirrups is S = S A f The crushing strength of the web 
y v ys 

concrete is 0 = ~f/ where £' is the compression strength of the 
c c c 

concrete and v is a web effectiveness factor. The beam is 

assumed to be underreinforced in flexure, and the strength of the 

upper stringer is immaterial. The effectiveness factor is 

determined empirically. Therefore, it is necessary to find a 

value of V which will fit the shear capacity of the short column. 

However, if v is constant or depends on some function in the 

short column, an estimate may be obtained by using this approach. 

There are two equations for the shear force. 

From Eq. (7.32) 

From Eq. (7.13) 

v = a bh/cos~sina 
c 

v cotQ' 

Eliminating ~ between Eqs. (7.33) and (7.34), 

sinCe' 

COSQ.' 

v bh'}bSS
h 

(Oc - b
S 

) 
\ sh 

The two criteria to be satisfied are 

S 

V f' 
c 

= A f 
v ys 

(7.33) 

(7.34) 

(7.35) 

(7.36) 

(7.37) 
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Assuming the beam has failure due to crushing the concrete, V in 

Eg. (7.35) is represented by 

v bh' (7.38) 

Eg. (7.38) can be expressed by only one function--S. The maximum 

shear capacity V
N 

is calculated using the maximum value of 

S ~ Asfy' If the stirrup reaches yielding (fYS';;(bsh/2Av}V£~): 

V 
n 

cota 

cota 

bh' A ~ A ) V ,v 
~f vf - -'-f 
bS

h 
ys c bS

h 
ys 

j bsh vf' - 1 
Af c 

v ys 

1 bh'vf' 
2 c 

1.0 

In this case the lower stringer is assumed to have sufficient 

(7.39) 

(7.40) 

(7.41) 

(7.42) 

capacity so that the beam can achieve the maximum shear capacity 

given by the web crushing criterion. To ensure this, 

!i + !:L + Y.. coto! 
2 h' 2 

where F is the yield force of lower stringer. 
yJ, 

(7.43) 

For the short columns with axial compression, f~ + aN was 

substituted forf~ in Egs. (7.39) to (7.43). In this case aN is 

equal to the concrete stress under axial compression. As before, 
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the shear capacity of the column under diagonal loading was 

computed from the shear capacities under principal loading 

directions using circular and elliptical interaction relationships. 

As mentioned before, the value of v is determined 

empirically. Nielsen applied the equation to the results of 

one hundred ninety-eight shear tests on simply supported T-beams 

with vertical stirrups in order to calculate the web effectiveness 

factor v and the best fit was obtained with V = 0.74, standard 

deviation a = 0.03. He concluded that for reasonably designed 

beams, the effectiveness factor appeared to be fairly constant. 

However, this result was not valid in the case of aid ~ 2.4. 

Therefore, in the case of short columns, the value of v must be 

calculated using the empirical results to determine if a constant 

value for v can be derived. 

Table 7.4 indicates a comparison of the shear capacities 

calculated using Nielsen's approach and observed capacities. 

The value of v for each specimen was calculated using measured 

capacities. In the square columns v ranged from 0.3 to 0.6, 

except for a specimen with large spacing of transverse reinforce-
, 

ment (v = 1.0 for C-DB3). In the rectangular columns loaded in 

the strong direction, v ranged from 0.5 to 0.7 and in the weak 

direction, v ranged from 0.25 to 0.3. Shear span-effective 

depth ratio (a/d) is 2.09 for the square column, 1.61 for the 

rectangular column loaded in the strong direction, and 2.44 for 

the rectangular loaded in the weak direction. The effectiveness 

factor appears to increase as the shear span-effective depth ratio 

becomes smaller. Using this observation, v was assumed to be 

equal to dia, and the shear capacity of each specimen V
N 

was 

calculated and compared with observed capacity. For these 

calculations, the stirrups reached yielding in calculations of 

all specimens. The average of the ratios of the measured-to­

computed capacity (Vm/V
N

) is around 1.0 and the standard 
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TABLE 7.4 NIELSEN'S APPROACH AND OBSERVED CAPACITIES 

Specimen 
V 

=X 
V

N X m 
V 

Name kips V tana. kips 

O-PU 56 0.40 0.33 62 0.90" 
C-PU 67 0.54 0.28 63 1.06 
O-PB 52 0.30 0.35 68 0.76 

~ C-PB 77 0.54 0.24 72 1. 07 
O-DM 55 0.31 0.36 70 0.79 

'" 0 C-DM 68 0.45 0.30 71 0.96 u 
64 0.52 0.29 0.48 62 1. 03 ,', O-DU 

gj O-DB 61 0.47 0.30 62 O. 98"' 
::3 C-DB 68 0.50 0.30 67 1.01 
0' 

'" C-DB32 78 0.32 0.56 101 0.77 
C-DB21 76 0.37 0.39 87 0.87 
C-DB9 64 0.56 0.20 59 1. 08 
C-DB3 66 1. 00 0.08 36 1. 83 

§ OUS 66 0.52 0.26 0.62 72 0.92 
OUW 57 0.27 0.39 0.41 72 0.79"' 

0 CMS 86 0.73 0.20 0.62 79 1.09 u 

j 
CUS 74 0.64 0.23 0.62 72 1.02 
CUW 60 0.29 0.38 0.41 71 0.85 

:=> 2CUS 91 0.74 0.19 0.62 83 1.10 
'" z CDS30 80 78 1. 03 
~ 
H CDmo 74 76 0.97 u 
"" (s) CBSW 69 0.57 0.24 0.62 72 0.96 ,y; 

(w) CDsmo 57 71 0.80 

Average 1.00 

Standard Deviation 0.23 

(s) - strong direction 

(w) - weak direction 

~" - specimens reached computed flexural capacities 
neglected in average and standard deviation 
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deviation is 0.23. Although the average is around 1.0, the value 

of V must be known for all cases of columns and beams in order 

to calculate design shear capacity. For this reason Nielsen's 

approach involves too many uncertainties to apply to design. 

It should he noted that the specimens "ith large spacing 

of transverse reinforcement had almost the same capacity as those 

with small spacing. The longitudinal reinforcements in the 

rectangular columns loaded in the strong direction did not yield. 

Therefore, in the short columns the strength of the concrete 

compression strut appears to control the shear capacity. Nielsen's 

approach, in which it is assumed that maximum shear capacity 

occurs when the concrete compression reaches crushing, seems to 

be more appropriate than ThUrlimann's approach (in the full-truss 

zone) in which it is assumed that crushing of the concrete 

compression struts does not occur. However, for practical 

calculations of shear capacity, ThUrlimann's approach is much 

easier to apply than Nielsen's. 

7.3.3 Shear Capacity--Zsutty. Zsutty developed an equation 

to calculate shear capacity of beams using statistical analysis. 

Experimental data indicated that beams with shear span-effective 

depth ratio aId less than about 2.5 increased in strength after 

first shear cracks occurred. Therefore, beams were divided 

into two categories based on the aid ratio as follows: 

(1) Beam action, meaning combined bending and shear stress, 

aId > 2.5. The load at first shear cracking is 

equivalent to ultimate strength. 

(2) Arch action, meaning some type of compression stress 

or direct load transfer to supports, aid < 2.5. The 

load at first shear cracking is less than the ultimate 

strength. 



Zsutty proposed the following equation to predict the ultimate 

shear strength (concrete contribution) of beams with aid < 2.5 

and no vertical stirrups. 
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v 
zc 

I 

60bd (f' P c:L)3 
c w a 

(7.44) 

For beams with aid> 2.5 and vertical stirrups, a V term as 
s 

in the ACI method was added to obtain the shear capacity. 

v 
z 

60bd 

1 

(
f' P .'L) 3 + 

c wa 

A f d 
v ys 

sh 
(7 . 4S) 

For beams ,lith a/el' < 2.S and no vertical stirrups, Eg. (7.44) is 

modified as follows. 

v 
zc 

I 4 

ISObd (f~Pw)3 (_;)3 

For the beanlS with aId < 2.5 and vertical stirrups, 

v 
z 

I 

ISObd (£' P ) 3 
C 10 

A f d 
v ys 

sh 

(7.46 ) 

(7.47) 

However, Eqs. (7.46) and (7.47) are intended for simple beams with 

direct load and cannot be directly applied for calculating the 

shear capacities of the short test columns, because the mechanism 

of the short column is similar to that of continuous beams. 

Therefore, Eg. (7.45) was used to calculate shear strength. 

Since this equation docs not include the effect of axial load, 

specimens with axial load were not considered. The shear 

capacity of the column with diagonal loading was calculated 

using the circular or elliptical interaction lines. 
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Table 7.5 shows a comparison of the shear capacities 

calculated using zsutty's equation (Eq. (7.45)) and measured 

values for the short columns without axial load. The ratio of 

the rneasured-to-calculated shear capacity ranges from 1.2 to 1.5. 

These ratios indicate the Zsutty equation is conservative, but 

it does not include the effect of axial load on the shear 

capacity of short columns. 

7.3.Lt Development of Equation for Shear Capacity. The 

measured shear capacity of short columns was compared with values 

obtained using ACI 318-77, plasticity approaches developed by 

ThGrlimann and Nielsen, and statistical equations proposed by 

Zsutty. There appears to be several reasons why these methods did 

not accurately estimate shear capacity of the short columns. In 

most cases, short column shear strength increases after first 

shear cracking. Some type of arch or strut action in the concrete 

governs shear behavior and emphasizes the contribution of the 

concrete as opposed to that of the transverse reinforcement. 

In some cases the computed shear capacity may be greater than 

the flexural capacity, however, the member exhibits rapid 

deterioration of shear capacity and energy dissipating 

characteristics. In addition, the loading and deflection 

of the short columns is not the same as that of simple beams 

(shown in Fig. 7.6) from which most shear data have been obtained. 

Therefore, a new equation for the shear capacity of short columns 

was developed. The equation was derived from empirical data 

using statistical methods (regression analysis). Only empirical 

data from beams with a/cP'ratios less than 2.5 were considered. 

The effective depth (d*) is defined as the distance from 

extreme compression fiber to extreme tension reinforcement. 

These data were separated into two groups. One group consisted 

of the data from simple beams as shown in Fig. 7.13 (a), and the 

other from continuous beams as shown in Fig. 7 .13(b). The intent 
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TABLE 7.5 ZSUTTY'S EQUATION AND OBSERVED CAPACITIES 

f' V
ZC V

z 
V 

X Specimen c 

X 
m 

Name psi kips kips kips 

O-PU 5000 2.09 23 44 56 1. 27 t, 

O-PB 6000 2.09 24 45 52 1.16 

A O-DM 5950 2.09 24 46 55 1.20 

O-DU 1,950 2.09 23 44 64 1. 45" 

O-DB 5050 2.09 23 44 61 1. 39 t' 

{ OUS 5810 1. 61 27 46 66 1.43 
B 

OU\{ 5820 2.41, 25 50 57 1. 141, 

Average 1. 26 

Standard Deviation 0.04 

A - square column 

B - rectangular column 

"k _ specimens reached computed flexural capacities 
neglected in average and standard deviation 
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a/d"k< 2.~ 
MOMENT 
DIAGRAM 

(a) Simply supported Beam 

~ t 
I .--"" .-.-.-....-'-

t:> n. 

(b) Continuous beam 

d* 
( • -T ~ 

a \ 

t \ 
MOMENT \ 
DIAGRAM \ 

a/ dk < 2.5 

a \ 

~ \ 
d* --• • 

(c) Short column 

Fig. 7.13 Schematic diagrams of compression struts 
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was to examine which beams (simple or continuous) behaved in a 

manner similar to that of the short column shown in Fig. 7.13(c). 

The equation could not be derived directly from the short columns 

tested, because the delta base was insufficient, even when data 
20,21 

on short columns reported in Japan were included. 

The following procedure was used to derive the equation 

for shear capacity. First, the contribution of the concrete 

was derived using data from beams without web reinforcement. To 

include the capacity provided by the compressive struts after 

the concrete first cracks, the ultimate capacity of beams without 

web reinforcement was used. For the statistical analysis, a 

f . 1· 1 . 35 d computer program or stepwlse mll tlP e regresslon was use . 

Second, the contribution of web reinforcement was derived using 

data from beams with web reinforcement. The equation for the 

contribution of web reinforcement was derived by subtracting 

computed concrete capacity from the total measured capacity. 

Third, the equation was modified for influence of axial compressive 

load. 

7.3.4.1 Beams without Heb Reinforcement. To derive the 

equation, only tests in which (1) shear failure occurred, and 

(2) the maximum load was less than the calculated flexural capacity 

were used. From the test results of short columns, it was found 

that the shear capacity increases with increaSing axial compres­

sion and decreasing shear span to effective depth ratio a/d*. In 

the regression analysis, the effective shear area, the concrete 

strength, the ratio of longitudinal tension reinforcement, and 

shear span to effective depth ratio were chosen for parameters. 

It should be noted that almost the same parameters are included 

in the equation proposed by Zsutty. The Zsutty approach seemed 

to provide the closest correlation with measured results. A 

review of short column results indicates the importance of the 

selected parameters also. 
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Simply Supported Beams. The results of seventy-one simply 

supported beams with 1 s a/d'\,;, 2.5 and without web reinforcement 

(Refs. 36 to 47) were used to derive an equation for the contribu­

tion of concrete (Table 7.6). Using regression analysis, the 

following equation was derived: 

v 
~ 

bd!)T' 
c 

10.6 - 5.0 ~,.,+ 3.7.;7 (7.48) 

where d", was defined as the di_Stance from the extreme compre'ssion 

fiber to the extreme longitudinal tension reinforcement. 

Figure 7.14 shows the distribution of the ratio of test to 

calculated values. The average ratio was 1.0 and the standard 

deviation was 0.12. 

Continuous Beams. The results of fifty-eight continuous 

beams with 1 :So aid"~ S. 2.5 (the definition of a is shown in Fig. 7.13) 
. . 36 40 41 48 

w~thout web relnforcement ' , ) were used to derive a second 

equation representing the contribution of concrete. The data 

are shown in Table 7.7. Using a regression analysis, the 

following equation was derived: 

Figure 7.15 shows the distribution of the ratio of test to 

calculated values. The average of the ratio was 1.0 and the 

standar9 deviation was 0.11. 

(7.49) 

Both equations, Eqs. (7.48) and (7.49), provide a good 

estimation of the shear capacity contributed by concrete because 

the standard deviation is around 0.1. 
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TABLE 7.6 COMPARISON OF MEASURED AND CALCULATED CAPACITY-­
STNPLY SUPPORTED BEAMS lHTHOUT WEB REINFORCEMENT 

Beam 

Source: 

III 24a 
246 
25a 
25b 
26. 
26b 
27. 
27b 
28a 
28b 
29. 
29b 

~: 
IA-la 

1b 

Source: 
814-82 

E2 
A4 
B4 
E4 
A6 
B6 

B21-B2 
A4 
B4 
A6 
B2 
E2 
A4 
B4 
E4 
A6 
B6 

Source: 
OB28 
OF28 

Source: 
L-l 
A-I 

A-ll 

v v v v v 
m cc --'!'...- m cc 

a/d* P*7. bd* J£' bd*JfI V Beam a/d* p*J. bd*J£' bd*V'f' 
c c cc c c 

!>body, Elstner, Viest, Hognestad (36 ) Source: Watstein. Mathey (42) (46) 

1.52 2.72 8.91 9.16 0.97 A-iS 2.06 1.53 6.49 4.93 
1.52 2.72 8.46 9.16 0.92 818-1 1. 51 3.05 9.07 9.57 
1. 52 3.46 8.12 9.94 0.82 818-2 1. 51 3.05 9.47 9.57 
1.52 3.46 8.85 9.94 0.89 ClS-1 1. 51 1. 85 8.39 8.13 
1.52 4.25 il.LI? 10.70 1. 07 CIB-2 1. 51 1.88 8.89 8.17 
1. 52 4.25 11. 07 10.70 1. 03 D18-1 1. 51 1.17 7.73 7.09 
1.52 2.72 9.53 9.16 1.04 018-2 1. 51 1. 16 7.54 7.07 
1. 52 2.72 9.44 9.16 1.03 E18-1 1. 51 0.75 6.85 6.29 
1.52 3.46 7.96 9,94 0.80 El8-2 1. 51 0.75 6.32 6.29 
1. 52 3.46 9.13 9.94 0.92 II-3 1. 51 1.88 8.24 8.17 
1. 52 4.25 10.61 10.70 0.99 1II-6 1. 51 1. 85 8.45 8.13 
1. 52 4.25 11. 08 10.70 1.03 IV-7 1. 51 1.86 B.71 8.14 

IV-8 1. 51 1.86 8.96 8.14 
Bower, Viest (40 ) V-9 1. S1 1. 16 6.86 7.07 
2.50 1. 59 3.21 2.82 1.13 VI-ll 1. 51 1.17 6.54 7.09 
2.50 1. 59 3.64 2.82 1. 29 

Source: Chang, Kesler (43 ) 
Morrow, Viest (37) I-B1 2.42 1.86 3.54 3.60 
1.00 1. 85 10.30 10.82 0.95 II-Cl 2.42 2.89 5.80 4.86 
1.00 0.57 8.23 8.67 0.95 III-A2 1.86 2.37 7.43 7.05 

1.00 2.50 11. 76 11. 60 1. 01 III~C1 2.42 2.89 6.35 4.86 
1.00 1. 85 10.46 10.82 0.97 
1.00 1.24 10.21 9.91 1. 03 Source: Taub, Neville (44) 
1.00 3.83 14.84 12.90 1. 15 1.2 2.09 4. t~ 7 8.51 8.05 
1.00 1. 85 12.21 10.83 1. 12 
1.45 1. 86 6.89 8.44 0.82 Source: Kresfe1d, Thurston (45 ) 
1.45 2. (f6 10.27 9.21 1.11 rI-4A3 1.42 1. 55 3.02 4.21 
1.45 1. 85 8.16 8.43 0.97 5A3 1.42 1. 55 4.74 5.42 
1.50 3.83 9.55 10.40 0.92 
1. 96 1. 88 5.70 5.93 0.96 Source: Acharya, Kemp (47) 
1. 91 0.57 3.66 3.87 0.95 EiUi) 2.53 2.06 3.96 3.32 
1.93 2.46 6.60 6.81 0.97 AR4b 2.14 2.60 5.72 5.93 
1.93 1. 85 4.83 6.03 0.80 DRIb 2.44 4.15 7.21 6.01 
1. 93 1. 24 4.98 5.11 0.97 2b 1. 63 4.15 10.23 10.06 
2.01 3.83 5.39 7.86 0.69 4b 1. 63 4.15 11. 23 10.06 
1. 93 1. 85 5.14 6.03 0.85 ARJa 2.22 7.57 10.16 9.77 

Baldwin, Viest (38 ) Source: Rodriguez (41 ) 
1. 93 1. 86 5.08 6.05 0.84 "E6N1 1. 36 2.64 10.95 9.87 
1. 93 1. 83 5.05 6.00 0.84 2 1. 36 2.64 9.62 9.87 

3 1. 36 2.64 9.79 9.87 
Cossio, Siess (39 ) CbNI 1. 36 2.64 10.80 9.87 
2.01 3.36 7.92 7.40 1. 07 2 1. 36 2.64 9.32 9.87 
2.00 1.00 4.31 4.34 0.99 3 1.36 2.64 10.03 9.87 
2.00 3.33 6.05 7.42 0.82 

V 
cc 

b;;;;rF 10.6 - 5.0 Yd*+ 3.7Jr!' 
c 

71 tests 
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V 
--'!'...-
V 
cc 

1.31 
0.95 
0.99 
1.02 
1. 09 
1.09 
1. 07 
1.09 
1.00 
1. 01 
1.04 
1.07 
1.10 
0.97 
0.92 

0.98 
1. 19 
1.05 
1. 29 

1.06 

0.72 
0.87 

1. 19 
0.96 
1. 19 
1.02 
1. 12 
1.04 

1.11 
0.98 
0.99 
0.94 
0.94 
1. 02 
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TABLE 707 COMPARISON OF MEASURED AND CALCULATED CAPACITY-­
CONTINUOUS BEAMS WITHOUT WEB REINFORCEMENT 

Beam 

Source: 
IA-2a 

3b 
4a 
5b 
6b 
7b 
8a 
8b 

IIB 2 
3 

IIA Ib 
2 
3 

Source: 

E3 N1 
2 

C3 N2 

Source: 
IA-IM 
Ie-IM 

Source: 
--r:h 

i 
1a 

b 
2a 

b 
c 

3. 

v V V V V 
m rc m m rc 

aj d* bdVf' bd*!1' 
- a/d* 0*"10 bd* Ifl b~ p-IQ. V Beam 

c c rc c c 

Bower, Viest (40) Source: Moody, Elstner, Hognestad, 
2.45 1. 59 3.72 3.18 1. 17 (continued) 
2.50 1. 59 3.17 3.05 1.04 3b 1.36 4.76 7.51 7.56 
2.50 1. 59 2.93 3.05 0.96 j 1.36 1.47 6.11 5.90 
2.50 1. 59 2.79 3.05 0.91 k 1. 36 2.10 7.16 6.31 
2.50 1.59 3.55 3.05 1.16 4a 1.36 2.86 6.17 6.72 
2.50 1.59 3.10 3.05 1.02 b 1. 36 2.86 5.74 6.72 
2.45 1. 59 2.72 3.18 0.86 5a 1.36 3.76 7.62 7.15 
2.50 1. 59 3.33 3.05 1.09 b 1.36 3.76 7.02 7.15 
2.00 1. 59 3.67 4.34 0.85 6a 1. 36 4.76 6.92 7.56 
2.00 1. 59 3.21 4.34 0.74 b 1. 36 4.76 8.14 7.56 
1.50 1. 59 4.63 5.63 0.82 1 1. 36 1. 47 6.01 5.90 
2.00 1.59 3.67 4.34 0.85 m 1.36 2.10 6.42 6.31 
2.50 1. 59 2.80 3.05 0.92 7a 1. 36 2.86 6.73 6.72 

b 1.36 2.86 5.73 6.72 
Rodriguez, Bianchini, Viest, 8a 1.36 3.76 S.50 7.15 
Kesler (41 ) b 1. 36 3.76 6.51 7.15 

2.04 2.64 5.33 4.86 1.09 9a 1.36 4.76 7.25 7.56 
2.04 2.64 5.30 4.86 1.09 b 1.36 4.76 7.73 7.56 
2.04 2.64 5.49 4.86 1.13 n 1.36 1. 47 6.60 5.90 

0 1. 36 2.10 7.28 6.31 
Guralnick (48) p 1. 36 2.86 6.98 6.72 

1.43 2.37 5.73 6.28 0.91 q 1. 36 3.76 8.08 7.15 
1.44 4.29 5.74 7.16 0.80 r 1.36 4.76 7.37 7.56 

IV h 2.04 1.47 3.97 4.15 
Moody, Eistner, Hognestad, Viest (36) i 2.04 2.10 3.97 4.56 

1.36 1.47 6.05 
1. 36 2.10 6.92 
1. 36 2.86 6.25 
1. 36 2.86 6.74 
1. 36 3.76 6.26 
1. 36 3.76 7.38 
1. 36 3.76 6.26 
1. 36 4.76 7.54 

5.90 
6.31 
6.72 
6.72 
7.15 
7.15 
7.15 
7.56 

V 
rc 

bd* jf' 
c 

1.02 j 2.04 
1.09 k 2.04 
0.93 1 2.04 
1. 00 IV d 1. 82 
0.88 e 1. 82 
1.03 g 1.82 
0.88 h 1.82 
1.00 i 1. 82 

7.3 - 2.6 aid*+- 1.7.JP' 

1.0 ~ 'Yd*s:: 2.5 

58 tests 

2.86 4.84 4.97 
3.76 5.05 5.39 
4.76 4.53 5.81 
2.86 6.41 5.54 
3.76 6.71 5.96 
2.86 6.38 5.54 
3.76 7.75 5.96 
4.76 6.87 6.38 

V 
m 

-
V rc 

Viest 

0.99 
1.03 
1.13 
0.92 
0.85 
1.06 
0.98 
0.92 
1. 08 
1.02 
1.02 
1.00 
0.85 
1. 18 
0.91 
0.96 
1.02 
1. 12 
1. 15 
1.04 
1.13 
0.97 
0.96 
0.87 
0.97 
0.94 
0.78 
1.16 
1.13 
1.15 
1.29 
1.08 
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7.3.4.2 Web Reinforcement. Using the measured shear 

capacity of the beams with web reinforcement in which the load 

in shear failure is less than the calculated flexural capacity, 

the contribution of the web reinforcement to the shear capacity 

was derived. Two assumptions were made. It was assumed that the 

total shear capacity was the sum of the contribution of concrete 

and web reinforcement. Therefore, the contribution of the web 

reinforcement was computed by subtracting computed concrete 

capacity from total measured shear capacity. It was assumed 

that the contribution of web reinforcement could be expressed 

by an equation similar to that in ACI 318-77, Eq. (7.7). The 

following equatio[1 was assumed for the contribution of web 

reinforcement: 

or 

V 
rs 

V 
rs 

(s imp Ie) 

(continuous) 
A f d" 

v ys 
sh 

(7.50) 

(7.51) 

where ~l and ~2 represent reduction factors to reflect the reduced 

efficiency of transverse reinforcement in short members. The 

values of ~l and ~2 were selected so that the sum of the computed 

contribution of concrete Bud web reinforcement is equal to the 

total measured shear capaCity. 

From 

t
49,50,51 

men, 

thirty-six simply supported beams with web reinforce­

a value of Sl = 0.42 was computed by averaging the 

reduction factors shown in Table 7.8. For simply supported beams 

'With web reinforcement (no axial load), the shear capacity is: 
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TABLE 7.8 EFFICIENCY OF TRANSVERSE RE INFORCEMENT--

~1 FOR SIMPLY SUPPORTED BEAMS 

v v V A f 
m rc rs ~ 

Beam bd*,./i' bd*jf' bd* Jfl bShJf~ ~1 c c c 

Source: lliretto (49) 

IV 1/4 9.87 9.32 0.55 2.62 0.21 
2V 1/4 9.71 9.32 0.39 2.22 0.18 
11 1/4 9.78 9.32 0.46 3.26 0.14 
21 1/4 9.59 9.32 0.27 2.94 0.09 
ID 1/4 10.02 9.32 0.70 3.68 0.19 
2D 1/4 11. 91 9.32 2.49 3.70 0.67 
lV 3/8 13.ll 9.32 3.79 5.28 0.72 
2V 3/8 11. 15 9.32 1.83 4.56 0.40 
11 3/8 12.96 9.32 3.64 6.44 0.57 
2I 3/8 12.7"6 9.32 3.44 5.96 0.58 
2D 3/8 ll.79 9.32 2.47 6.86 0.36 

Source: Clark (50) 

A1-1 6.82 5.43 1. 39 3.10 0.45 
2 6.55 5.43 1. 12 3.16 0.36 
3 7.00 5.43 1. 57 3.18 0.50 
4 7.49 5.43 2.06 3.12 0.66 

81-1 8.78 7.38 1.40 3.04 0.46 
2 7.75 7.38 0.37 2.92 0.13 
3 8.91 7.38 1. 53 3.04 0.50 
4 8.45- 7.38 1. 07 3.06 0.35 
5 7.41 7.38 0.03 2.96 0.01 

C3-1 9.08 8.12 0.96 3.68 0.26 
2 8.21 8.12 0.09 3.70 0.02 

C4-1 9.52 9.32 0.20 2.80 0.07 
D1-6 8.37 7.80 0.57 3.50 0.16 

7 8.53 7.80 0.73 3.48 0.21 
8 8.88 7.80 l.OB 3.48 0.31 

D2-6 7.81 5.36 2.45 4.54 0.54 
7 7.35 5.36 1. 99 4.60 0.43 
8 8.30 5.36 2.94 4.82 0.61 

04-1 B.ll 5.36 2.75 3.76 0.73 
2 7.82 5.36 2.46 3.88 0.63 

D5-1 6.99 5.36 1.63 2.80 0.58 
2 7.36 5.36 2.00 2.76 0.73 
3 7.61 5.36 2.25 2.84 0.79 

~: Siess, De Paiva (51) 

G33 S12 14.36 10.42 3.96 6.50 0.61 
32 17.61 11. 60 6.01 6.48 0.93 

Average 0.42 

V A f 
m 

(10.6 - 5.0 a/d*+ 3.7M" 
~ 

bd* Ifl - ~l bShJf~ c 

1.0:S; a/d*s: 2.5 

36 tests 
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a -r~--

(10.6 - 5.0"d·k+ 3.7Jp") bd:jf~ + 0.42 

A f d;' 
v ys 
sh 

(7.52) 

From thirty-four continuous beams with web 
. f 36,41,48 reIn arcement, a value of S2 ~ 0.61 "as calculated by 

averaging thE' reduction factors shown in Table 7.9. For 

continuous beams with web reinforcement (no axial load), the 

shear capacity is: 

V 
rt 

(7.53 ) 

Tables 7.10 and 7.11 give the ratio of calculated capacity 

V to measured capacity V using Eq. (7.52) for simply supported 
rt m 

beams and Eg. (7.53) for continuous beams. Figure. 7.16 and 7.17 

indicate the distribution of the ratio of test to calculated 

values in simply supported and continuous beams. Both equations 

seem to provide a good estimate of the shear capacity of speCi­

mens with web reinforcement with values of standard deviation 

less than 0.1. 

7.3.4.3 Axial Compression. The effect of axial 

compression on the shear capacity of beams \.Jas estimated by 

using <1 concept shmvn in Fig. 7.18 proposed in the Swedish and 

Nordic codes. It is assumed that the axial load restricts the 

deformation of the member and the occurrence of the shear crack 

is delayed until the deformation due to the axial load is overcome 

by lateral displacement or by moment. Therefore, V , the 
a 

contribution of axial compression to the shear capacity, was 

derived by calculating the applied lateral load necessary to 
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TABLE 7.9 EFFICIENCY OF TRANSVERSE RE INFORCEMENT--

S2 FOR CONTINUOUS BEAMS 

v v v Avfys m cc cs 

Beam bd* ,Ii' c 
bd-if£' 

c bd>'</f' c bShJf~ ~2 

Source: Rodriguez, Bianchioi. Viest, Kesler (41) 

c3 A2 8.30 4.85 3.45 4.36 0.79 
E2 A1 6.34 4.36 1. 98 3.10 0.63 

2 6.72 4.36 2.36 3.58 0.66 
3 6.98 4.36 2.62 3.50 0.75 

C2 Al 5.18 4.36 0.82 3.32 0.25 
2 6.34 4.35 1. 99 3.32 0.60 

E3 HI 8.58 4.86 3.72 6.26 0.59 
C3 HI 9.72 4.86 4.86 8.58 0.57 

2 8.90 4.86 4.04 6.84 0.59 
E2 Hl 8.01 4.36 3.65 7.24 0.50 

2 7.34 4.36 2.98 4.64 0.64 
C2 HI 7.98 4.36 3.62 7.34 0.49 

2 6.47 4.36 2.11 4.12 0.51 
B2 Al 4.96 3.95 1.01 2.32 0.43 

HI 7.25 3.95 3.30 4.90 0,67 
H2 6.38 3.95 2.43 3.00 0.81 

Source: Elstner, Moody. Viest. Hognestad (36) 

I lOa 11.67 7.64 4.03 4.52 0.89 
b 10.32 7.64 2.68 4.72 0.57 

11a 12.63 7.64 4.99 7.12 0.70 
b 12.24 7.64 4.60 7.92 0.58 

12a 11.93 7.64 4.29 9.50 0.45 
b 11.13 7.64 3.49 10.52 0.33 

I s 14.82 7.64 7.18 15.92 0.45 
t 15.67 7.64 8.03 16.70 0.48 

I 13a 12.48 7.64 4.84 5.98 0.81 
b 12.60 7.64 4.96 6.58 0.75 

14b 15.80 7.64 8.16 10.0 0.82 
15a 15.91 7.64 8.27 14.94 0.55 
I u 10.38 6.80 3.58 4.70 0.76 

v 11. 27 6.80 4.47 6.32 0.70 
w 11. 00 6.80 4.20 6.82 0.61 

Source: Guralnick (48) 

I A2 8.80 6.61 2.64 3.76 0.70 
B2 7.24 5.53 1.71 3.80 0.45 
C2 9.70 7.16 2.54 2.82 0.80 

Average 0.61 

V A f 
_ffi_ 0.3 - 2.6 a/d*+ 1. 7.jp*). ~~ 

bd* If' 2 bSh.j£~ 
c 

1 S a/d*s 2.5 

34 tests 



TABLE 70 10 RATIO OF TEST TO CALCULATED STRENGTIl--SIMPLY 
SUPPORTED BEAMS WITH HER REINFORCEMENT 

Beam 

A f 

O.42~ 
bS,J£.' , c 

V 
m 

bd*Jf' 
c 

Source: Moretto (49) 

LV 1/4 
2V 1/4 
l.I 1/4 
21 1/4 
10 1/4 
2D 114 
Iv 3/8 
2V 3/8 
11 3/8 
21 3/8 
2D 3/8 

Source: 

Al-l 
2 
J 
4 

Bl-l 
2 
3 
4 
5 

C3-1 
2 

C4-L 
Dl-6 

7 
8 

02-6 
7 
8 

04-1 
2 

D5-1 
2 
3 

Source: 
G3JS12 

J2 

1. 10 
0.93 
1. 37 
1. 23 
1. 55 
1. 55 
2.22 
1.92 
2.70 
2.50 
2.88 

Clark (50) 

1. 30 
1. JJ 
1.34 
1. 31 
1.28 
1. 23 
1.28 
1. 29 
1. 24 
1. 55 
1. SS 
1. 18 
1.47 
1. 46 
1.46 
1.91 
1. 93 
2.02 
1. 58 
1. 63 
1. 18 
1. 16 
1. 19 

9.87 
9.71 
9.78 
9.59 

10.02 
11. 91 
13.11 
11.15 
12.96 
12.76 
11. 79 

6.82 
6.55 
7.00 
7.49 
8.78 
7.75 
8.91 
8.45 
7.41 
9.08 
8.21 
9.52 
8.37 
8.53 
8.88 
7.81 
7.35 
8.30 
8.11 
7.82 
6.99 
7.36 
7.61 

Siess, De Paiva 
2.73 

(51 ) 
14.36 
17.61 2.72 

1.0 < al d"< 2.5 

36 tests 

V
rt 

bd*fi' 
c 

10.42 
10.25 
10.69 
10.55 
10.87 
10.87 
11.54 
11. 24 
12.02 
11. 82 
12.20 

6.73 
6.76 
6.77 
6.74 
8.66 
8.61 
8.66 
8.67 
8.62 
9.67 
9.67 

10.50 
9.27 
9.26 
9.26 
7.27 
7.29 
7.38 
6.94 
6.99 
6.54 
6.52 
6.55 

13.15 
14.32 

V 
m 

0.95 
O.9S 
0.92 
0.91 
0.92 
1. 09 
1.13 
0.99 
1.08 
1.08 
0.97 

1.01 
0.97 
1. 03 
1.11 
1. 01 
0.90 
1. 03 
0.97 
0.86 
0.94 
0.85 
0.91 
0.90 
0.92 
0.96 
1. 07 
1. 01 
1. 12 
1.17 
1.12 
1. 07 
1.13 
1. 16 

1. 09 
1. 23 

195 
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TABLE 7011 RATIO OF TEST TO CALCULATED STRENGTH--
CONTINUOUS BEAMS \vITH lillB REINFORCEMENT 

A f V V V 
0.61 ---2....:t..s m rt m 

Beam . bSh~ bd*IT bd*1f' V 
c c rt 

Source: Rodriguez, Bianchini, Viest, Kesler (41) 

C3 A2 2.66 8.30 7.51 1. 10 
E2 Al 1.89 6.34 6.35 1.00 

2 2.18 6.72 6.54 1. 03 
3 2.14 6.98 6.50 1.07 

C2 Al 2.03 5.18 6.39 0.81 
2 2.03 6.34 6.38 0.99 

E3 H2 3.82 8.58 8.68 0.99 
C3 Hi 5.23 9.72 10.09 0.96 

2 4.17 8.90 9.03 0.99 
E2 Hi 4.42 8.01 8.78 0.91 

2 2.83 7.34 7.29 1. 01 
C2 HI 4.48 7.98 8.84 0.90 

2 2.51 6.47 6.87 0.94 
82 At 1.42 4.96 5.47 0.91 

Hl 2.99 7.25 6.94 1.04 
H2 1.83 6.38 5.78 1. 10 

Source: Elstner, Moody, Viest, Hognestad (36 ) 
IlOa 2.76 11. 67 10.40 1.12 

b 2.88 10.32 10.52 0.98 
11a 4.34 12.63 12.00 1.05 

b 4.83 12.24 12.47 0.98 
12a 5.80 11. 93 13.44 0.89 

b 6.42 11. 13 14.06 0.80 
Is 9.71 14.82 17.35 0.85 

t 10.19 15.67 17.83 0.88 
Il3a 3.65 12.48 11.29 1. 10 

b 4.01 12.60 11. 65 1.08 
14a 6.10 15.80 13.74 1. 15 
15a 9.11 15.91 16.75 0.95 

Iu 2.87 10.38 9.67 1. 07 
v 3.85 11. 27 10.65 1. 06 
w 4.16 11. 00 10.96 1.00 

Source: Guralnick (48) 
IA2 2.29 8.80 8.45 1.04 

B2 2.32 7.24 7.85 0.92 
C2 1.72 9.70 8.88 1.09 

V A f 
---EL 7.3 - 2.6 a/O*+ 1. 7JO*+ O. 61 ~ 
bd~;r bSh.n: c 

l.0::::;: a/d*s. 2.5 

34 tests 
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Frequency 

15 -

10 
36 Tests 

;-

81-
7 -

5 - I- 6 -
IS 5 

'"""" 
~ 

2 b 
TJ 

0.8 0.9 1.0 1.11.2 1.3 

Average ~ 1. 01 

Standard deviation 0.09 

Fig. 7.16 Histogram of the ratio of test to calculated shear 
strength - simply supported beams "ith "eb 
reinforcement 
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Frequency 

15 

10 

-
_8 
7 

5 6 6 

r-
r- 3 

~ 2 

, 
0.8 0.9 1.0 1.1 1.2 

34 Tests 

V 
m 

V 
rt 

Fig. 7,17 Histogram of the ratio of test to calculated shear 
strength - continuous beams with web reinforcement 
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produce a stress of zero in the tension face of the concrete with 

axial compression acting on the section. 

aV a 

V 
a 

I 
h 

X 2 

2NI 
aA h 

g 

o 

(7.54 ) 

where V 
a 

contribution of axial compression to shear capacity, lbs. 

N 

I 

a 

'\ 
h 

applied axial compression, lbs. 

moment of inertia of un era eked section, 

shear span, in. 

gross area of cross section, in~ 

overall depth of section, in. 

. 4 
In. 

The validity 

by Hedman and 

of this equation was confirmed in experiments conducted 
52 Losberg. To check the applicability of the equation 

for the effect of axial load on shear to short columns, the 

contribution of axial compression to the shear capacity for the 

specimens in the current investigation was studied. In Table 7.12, 

each pair of specimens listed were identical except for the level 

of axial compression. The measured contribution of axial 

compression ~V was obtained by subtracting the measured strength 
m 

of the specimens without axial compression from the measured 

strength of the specimen with axial compression. Because the 

concrete compressive strength was different in some pairs, DN 
m 

was adjusted using equations for the contribution of the concrete 

CEqs. (7.48) and (7.49». For simply supported beams, the 

corrected difference in shear strength is: 

~V' 
m tNm + bcf"(lO. 6 - 5 .O~',+ 3. 7J(t)(Jf~1 - Jf~2 ) (7.55) 



TABLE 7.12 CONTRIBUTION OF AXIAL COMPRESSION TO 
SHEAR CAPACITY 

6V' 
f' fjV V m 

201 

!1v'mjVa 
V 

Specimen c m m a kips 
Name psi kips kips kips Simp. Cont. Simp. Cont. 

O-PB 6000 52 
25 14 25 25 1. 79 1. 79 

C-PB 5950 77 

O-DM 5950 55 
13 14 16 16 1. 14 1. 14 

C-DM 5250 68 

OUS 5810 66 
8 17 13 13 0.77 0.77 

CUS 5060 74 

OUS 5810 66 
20 17 18 19 1. 06 1. 12 

CMS 6090 86 

ous 5810 66 
25 34 23 24 0.68 0.71 

2CUS 6090 91 

t:,V V (axial compression) - V (no axial compression) m m m 

6V' ~ .AV adjusted using Eqs. 7.55 or 7.56 
m m 

V 2N, 
a aA 1 

g 
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For continuous beams, the corrected difference in shear strength is: 

l,vl 
m 

if') ",. c2 (7.56) 

~oJhere !Wl 
m 

adjusted measured contribution of axial compression 

f~l concrete compressive strength in the specimen 

without axial compression 

£' concrete compressive strength in the specimen with 
c2 

axial compression 

It should be noted that virtually the same correction would have 

been obtained if .jf~1/f~2 had been applied to Vm. The values of 

6V' (simply supported beam, and continuous beam) are compared with 
m 

the calculated contribution of axial compression (Eq. (7.54». The 

ratio of ~VI to V in both equations «7.55) and (7.56» shows 
m a 

the equation of calculating the contribution of axial compression 

is acceptable. However, in the case of 2eUS, ~VI is less than V . 
m a 

Specimen 2CUS is the only specimen with 80 percent of the axial 

load corresponding to balanced strain condition (P b). All other 

specimens were subjected to 40 percent of Pb. Therefore, it seems 

reasonable to limit the level of V because of the lack of data 
a 

for specimens with high axial compression (more than O.4Pb)' 

Based on the available data, the limit was set as the value 

corresponding to an axial compressive load equal to O.4Pb' as 

follows: 

for N > 0.4P b , 

to compute V . 
a 

use N 

The contribution of axial compression was added to the Eqs. (7.52) 

and (7.53). The total shear capacity for beams with web reinforce-

ment and axial compression is: 



V (simply supported) 
r 

V (continuous) 
r 

1 

(1 6 5 Oa + 3 7 1-:;;) b "'Icc' o . - . d'" . 'V i1 O'oJL 

A f d1' 
+ O. 42-'!......Y§. 

sh 
+ 2NI 

aA h 
g 

(7.3 - 2.6},,+1.7.jri") bd::rf~ 

A f d" 
+ O. 6 1 -'!......Y§. 

sh 

2.5 

when 

+ 2NI 
aA h 

g 

N > 0.4Pb 
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(7.57) 

(7.58 ) 

7.3.4.4 Short Columns. In this section the application of 

Eqs. (7.57) and (7.58) for beams to short columns is discussed. As 

mentioned before, the only studies of the shear behavior of short 

columns under monotonic or reversal loading are those in several 

Japanese laboratories and at The University of Texas. The 

results of the Japanese investigations have been compiled by the 

Building Research Institute. 20 ,2l 

Japanese Tests. One hundred eleven short columns with 

I " 1 ~ a d ~ 2.5 under reversal loading were reported. However, in 

almost all of the columns the measured maximum capacities were 

greater than calculated flexural capacities, because the 

longitudinal extreme tension reinforcement ratio p'\ was relatively 

small-less than 1.0 percent in more than half of all columns. 

Equations (7.58) and (7.59) were used to estimate the capacity of 

the one hundred eleven tests. In one hundred tests, the measured 

maximum capacities were greater than calculated flexural capacities. 

Therefore, only eleven tests were appropriate for confinning the 
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validity of the equations. It is interesting to note that nearly 

half of the columns showed rapid deterioration of capacity after 

each peak load in spite of the fact that the flexural capacity 

was reached. Therefore, the tests provide data for a more 

detailed study of shear deterioration in the next chapter. 

Table 7.13 indicates the comparison of computed (simply 

supported beam in Eq. (7.57), and continuous beam in Eq. (7.58» 

to measured capacity 

measured-to-computed 

for the 11 Japanese tests. The ratio of 

capacity (V Iv ) shows that the average for m r 
both equations is the same, but the standard deviation for the 

continuous beam equation (0.03) is much better than the simply 

supported beam equation (0.14). It should be noted that in 

some cases, the computed shear capacity was larger than computed 

flexural capacity, especially when the simple beam equation was 

used. Therefore, to calculate the shear capacity of the short 

columns, the equation derived from the data of continuous beams 

provides a better estimate of strength than that derived from the 

data of simply supported beams for the Japanese tests of short 

columns. 

Table 7.14 provides an estimate of the effect of transverse 

reinforcement on shear capacity. The contribution of transverse 

reinforcement was obtained by subtracting the contribution of 

concrete (V ) and axial load (V ) from measured shear capacity 
rc a 

(V). The equation derived from the data of continuous beam is 
m 

used for calculating V . From the continuous beam tests, the 
rc 

reduction factor ~2 is 0.61; however, for the ~apanese column 

tests, the average value of ~2 is 0051. The ratio of the 

contribution of transverse reinforcement-to-rneasured capacity 

ranges from 0.15 to 0.45, and the average of this ratio is 0.29. 

The average ratio of the steel contribution to the the total 

strength indicates that more than 70 percent of the strength is 

contributed by the concrete. 
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AF 

WS2 

AR 

AR2 

TABLE 7.14 EFFECT OF TRANSVERSE REINFORCEMENT 
JAPANESE COLUMN TESTS 

A f d" v yS 
V V V -s;;-Specimen m rc a 

Name kips kips kips kips 132 

310B 36 26.0 0.0 19.3 0.52 

320A 18 12.2 0.0 11. 2 0.52 

32CB 30 12.6 9.3 16.5 0.49 

420B 26 14.2 0.0 19.3 0.61 

5BH 39 29.0 4.0 13.1 0.46 

5BT 41 29.0 4.0 13.1 0.61 

15B5H 31 20.0 4.0 16.5 0.42 

15B5T 31 20.0 4.0 16.5 0.42 

20ASH 18 8.6 3.1 12.0 0.53 

5BlI 1/4 32 14.3 6.0 22.4 0.52 

5BT 1/4 33 14.7 6.0 23.4 0.53 

Average 0.51 

V V 132 
A f d~( 

V v ys 
m rc a 

sh 

V -V -V 
m rc a 

V 
m 

0.28 

0.32 

0.27 

0.45 

0.15 

0.19 

0.23 

0.23 

0.35 

0.37 

0.37 

0.29 
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Current Investigation. Equations (7.57) and (7.58) were 

used to calculate the shear capacity of the square and rectangular 

short columns (1 ~ a/d* S 2.5) in the current investigation. 

Table 7.15 shows tile comparison of computed and measured results 

for the short columns. For four specimens, a-pu, O-DO, Q-DB, and 

ouw, the measured maxi!num capacities (V ) were greater than the 
m 

calculated flexllral capacities (V
f
). The calculated shear capacity 

Vr for a-pu, O-DB, and OUW was not greater than Vf' but ,"\las nearly 

equal to Vf' For the other tests, the ratio of measured-to­

computed capacity (V Iv ) was calculated. The shear capacity of 
m r 

the column under diagonal loading was computed from the shear 

capacities in the principal loading direction using circular 

and elliptical interaction curves. Once again, the ratio V Iv 
m r 

indicates that the average and standard deviation for the 

continuous beam equation (average = 0.97, standard deviation = 0.08) 

is better than the simply supported beam equation (0.90, 0.12). 

Based on the two test series (Japanese tests and current 

investigation) it is clear that t~e equation based on continuous 

beam results is more appropriate for calculating the shear capacity 

of short columns than that based on the data of simply supported 

beams. The results confirm the hypothesis that shear behavior of 

short columns is closer to that of continuous beams than that of 

simply supported l)eams. The applicability of these equations for 

the control of shear deterioration is described in the next chapter. 

Table 7.].6 indicates the effect of transverse reinforce­

ment on the measured shear capacity. The contribution of 

transverse reinforcement is obtained by subtracting the 

contribution of concrete (V ) calculated using the equation 
rc 

based on tIle data of continuous beams and the contribution of 

axial load (Va). Specimens in which the computed flexural capacity 

(V f) was less than measured maximum capacity (V
m

) and rectangular 
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TABLE 7.15 COMPARISON OF COMPUTED AND MEASURED CAPACITY -­
UNIVERSITY OF TEXAS COLUMN TESTS 

V Vm/vr V 
r 

Specimen m 
Vf kips 

Name kips kips Simp. Cont. Simp. Cont. 

O-PU 56 49 61 55 -- '!d( -- ** 
C-PU 67 80 72 67 0.93 1. 00 
O-PB 52 53 66 59 0.79t, 0.88* 
C-PB 77 78 79 72 0.97* 1. 07 

~ O-DM 55 65 66 60 0.83 j, 0.92 
H C-DM 68 76 77 71 0.88* 0.96 
0 O-DU 64 59 61 u 55 -- ~'ck -- 'k'k 

O-DB 61 59 61 55 -- *"k -- *-k 

~ C-DB 68 73 74 68 0.93 1.00 

"' C-DB32 78 80 92 92 0.85* 0.85" 0-

'" C-DB21 76 84 85 81 0.89" 0.94 
C-DB9 64 84 75 67 0.85 0.96 
C-DB3 66 80 72 62 0.92 1.06 

~ 
OUS 66 95 83 69 0.80 0.96 
OUW 57 51 42 45 -- ** -- ** 

H CMS 86 120 103 88 0.83 0.98 0 
u CUS 74 113 96 83 0.77 0.89 
~ CUW 60 68 50 54 1. 20 1.11 j 2CUS 91 134 104 88 0.88 1. 03 "' '-' CDS30 80 105 84 79 0.95 1. 01 :z; 
~ CDW30 74 78 66 67 1. 12 1. 10 H 
U (s) CBSl. 60 114 96 82 0.72 0.84 
~ (w) CDSmO 57 73 55 58 1. 04 0.98 

Average 0.90 0.97 
Standard Deviation 0.12 0.08 

(s) - strong direction 

(w) - weak direction 

* - the computed shear capacity V is greater than 
computed flexural capacity Vfr 

,'(";,t( _ the computed flexural capacity V
f 

is less than 
measured maximum capacity V 

m 



TABLE 7.16 EFFECT OF TRANSVERSE REINFORCEMENT 
UNIVERSITY OF TEJ~S COLUMN TESTS 

Specimen 
Name 

O-PU 
C-PU 
O-PB 
C-PB 
O-DM 
C-DM 
O-DU 
O-DB 
C-DB 

C-DB32 
C-DB21 

C-DB9 
C-DB3 

OUS 
om, 
CMS 
CUS 
CUW 

2CUS 
CDS30 
CDW30 

(s) CBSW 
(w) CDSW30 

V 
m 

kips 

56 
67 
52 
77 
55 
68 
64 
61 
68 
78 
76 
64 
66 

66 
57 
86 
74 
60 
91 
80 
74 
69 
57 

V rc 

kips 

40.1 
37.8 
43.9 
43.7 
43.7 
1,1. 1 
39.9 
40.3 
38.7 
41.7 
43.0 
43.0 
44.3 

53.8 
29.6 
55.1 
50.2 
27.6 
55.1 
--** 
--** 

50.3 
--** 

V - V 
m rc 

V 
a 

~) - strong direction 

(w) - \Veak direction 

V 
a 

kips 

0.0 
13.0 
0.0 

13.0 
0.0 

13.0 
0.0 
0.0 

13.0 
13.0 
13.0 
13.0 
13.0 

0.0 
0.0 

17.0 
17.0 
10.0 
17. a 

17 .0 
--** 

A fit"' 
v y8 

sh 

kips 

24.4 
24.4 
24.4 
24.4 
26.2 
26.2 
21,.4 
24.4 
26.2 
59.4 
39.2 
17 .1 
6.1 

24.1 
25.2 
24.1 
24.1 
25.2 
24.1 

__ -10'\ 

--** 
2L,.1 

--** 

Average 

-- * 
0.66 
0.33 
0.83 
0.43 
0.53 

__ ok 

__ i" 
0.61 
0.39 
0.51 
0.47 
1. 43 

0.51 
-- * 

0.58 
0.28 
0.89 
0.78 
--** 
__ *-J,: 

0.07 
--** 

0.58 

Z09 

V -V -V 
m rc a 

V 
m 

-- * 
0.25 
0.16 
0.26 
0.21 
0.20 
-- * 
-- * 

0.24 
0.30 
0.26 
0.13 
0.13 

0.18 
-- * 

0.16 
0.09 
0.37 
0.21 
--* .. '< 

--** 
0.02 

--** 
0.20 

* - the computed flexural capacity V
f 

is less than 
measured maximum capacity V 

m 

** - the rectangular column with diagonal loading 
direction; there is no way to calculate V , rc 

V , 
a 

, and 132 



210 

columns loaded in the diagonal direction were not included in 

this comparison. Note that although the average of Sz is 0.58 

(with a range of 0.07 to 1.43), the ratio of the contribution of 

transverse reinforcement-to-measured capacity ranges from 0.02 

to 0.37 with an average of only O.Z. In spite of the large 

amounts of transverse reinforcement in specimens C-DB32 and 

C-DB21, only 30 percent of the measured capacity was attributed 

to the transverse reinforcement. The contribution of the 

transverse reinforcement to the measured capacity in specimens, 

CUS and CBSW, was nearly zero. It is clear that the concrete 

contribution to the total shear capacity is of primary importance 

and that the concrete contributes at least 70 to 80 percent of 

the total shear capacity of a short column. 

7.4 Summary 

In this chapter the shear capacity of short columns was 

calculated using the ACI 318-77 approach, formulations based 

on plasticity theory and equations proposed by Zsutty. The 

equations reviewed have been developed from simple beams with 

moderate a/ d'" ratios. The shear strength contributed by the 

concrete is based on first cracking. Short columns have extra 

strength after first cracking, because lateral forces may be 

transferred by compression (through arch or strut action) in 

the concrete. In addition, the shear behavior of short columns 

between stiff floors is similar to that of continuous beams. 

Based on data from continuous beams with 1 ~ a/J'( s: 2.5 't.;rhich 

failed in shear} an equation for shear strength was proposed. 

This equation was used to calculate the shear capacities of short 

columns tested in Japan and at The University of Texas in order 

to evaluate the applicability of the equation to short columns. 

The comparison of measured and calculated shear strength indicates 

that the equation is acceptable. 



8.1 General 

C HAP T E R 8 

PROCEDURE TO CONTROL THE PERFORMANCE 
OF SHORT COLUMNS 

In Chapter 7, an empirical equation for calculating the 

shear capacity of short columns was derived from data of continuous 

beams failing in shear. However, this equation considers only 

the shear capacity and does not address the problem of deteriora­

tion of strength and the control of energy dissipating character­

istics of the columns. 

In this chapter a procedure to control the performance of 

short columns is introduced. First, an equation for calculating 

shear strength is proposed. This equation is a simplification of 

the empirical equation introduced in Chapter 7. Second, this 

proposed equation is examined relative to the results of Japanese 

tests of short columns in which almost half of one hundred eleven 

columns exhibited rapid deterioration after reaching maximum load 

even though the calculated flexural capacity was achieved or 

exceeded. Third, the procedure to control the performance is 

described and characteristics of this approach are compared with 

those in Appendix A of ACI 318-77. 

8.2 Shear Strength 

As described in Chapter 7, empirical equations for 

calculating the shear capacity of short columns were derived from 

the data of simply supported and continuous beams with 1 s a/d* S 2.5 

which failed in shear. From the application of these equations to 

short columns, it was clear that the equation based on data of 

211 
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continuous beams was more appropriate to short columns than that 

based on data of simply supported beams. The empirical equation 

introduced in Chapter 7 was 

V 
r 

(7.3 - 2.6:* + 1.7,jp* (bd",jf~ + 

N when 

A f d" 
2NI + 0.61 v ys 

aA h sl g 1 

N > 0.4Pb 

(8. 1) 

As mentioned in Chapter 5, at maximum load, spalling of concrete at 

the corner of the column and extensive cracking of the faces 

occurred. Therefore, the core area of concrete (measured 

out-to-out of transverse reinforcement, A ) was substituted for 
c 

bd* in calculating the contribution of concrete using Eq. (8.1). 

Since the equation provided a good estimate of the shear capacity 

of Japanese column tests and those of the current investigation, 

the value of the contribution of concrete V was kept the same 
rc 

by adjusting the constants in the equation. Since bd* is about 

equal to 1.2A , Eq. (8.1) takes the following form: 
c 

V 
r 

N 

A f d", 
2NI + 0.61 v ys 

aA h 
g 

when N > 0.4P
b 

(8.2) 

The equation will be simplified further by examining each term in 

the equation and eliminating any terms which do not significantly 

change the strength for typical column geometries. 



213 

8.2.1 Transverse Reinforcement. As mentioned in 

Sec. 7.3.4.4, the contribution of transverse reinforcement is 

not likely to exceed 30 percent of the total shear capacity of 

short columns even \-1hen large amounts of transverse reinforcement 

are used. Figure 8.1 indicates the relationship between the 

measured maximum capacities and the spacing of transverse 

reinforcement in square columns specimens, C-DB32, C-DB21, C-DB, 

C-DB9, and C-DB3. This figure indicates that there was a 

20 percent increase in measured shear capacity when the tie 

spacing was reduced from 12 in. to 1.13 in. It appears that the 

contribution of transverse reinforcement to the shear capacity 

can be ignored without significant loss of accuracy, but with 

considerable improvement as far as simplicity is concerned. 

V 
r 

(8.3) 

In addition, the equation becomes more conservative with regard 

to shear failure of short columns than Eq. (B.l). 

8.2.2 Ratio of Longitudinal Extreme Tension Reinforcement 
-J, P (Percent). In AppendiX A (Seismic Design) of ACI 318-77, the 

total longitudinal reinforcement ratio p in columns ranges from 
. g 

0.01 to 0.06. Therefore, p~', the reinforcement in the extreme 

tension layer ranges from a minimum of 0.5 percent to a maximum 

of 3.0 percent. Figure 8.2 shows the range 

Eq. (8.3) for varying values of pi' at aid"~ 

of V (axial load = 0.0, 
r 

1.0 and a/d* = 2.5. 

Because the flexura 1 capacity "ill be limited to permit develop­

ment of desirable hysteretic behavior, the ratio of longitudinal 

extreme tension reinforcement will probably fall in a range from 

0.5 percent to 1.5 percent for typical designs. This range will 

be examined further in Sec. B.5.3. Note that the difference of 

V for values of p* between 0.5 percent and 1.5 percent is about 
r 
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1.OA JfI (Fig. B.2). If it is assumed that the contribution of 
c c 

p* to the concrete portion of the equation is constant at a value 

of poll' =: 1.0 percent, the term of 2Jp"'~ can be eliminated and the 

constant (9) increased to 11 as follows: 

V 
r 

( 11 3a ) A It' + 2NI 
- ~ c'V' c aA h 

g 
(B.4) 

B.2.3 Axial COffi£ression. The term involving the contribu-

tion of axial compression is rearranged as follows: 

A bh I ~ 
bh3 

d;' Z O.BSh 
g 12 

2NI Nbh3 Nh 0.2N 0. 08Pb 
(8.5) aA h 6abh2 6a '" a a 

g -" ~ d" 

P
b 

for all the specimens was 300 kips. Therefore, the axial stress 

at balanced stress conditions is 2000 psi and at 0.4Pb the stress 

is BOO psi, so that the axial load term has a limit of 160A I (aid"'). 
g 

In terms of the format used in the ACI Code, the nominal shear 

strength for short columns subjected to cyclic deformations is: 

where V nr 

V nr 

1 

160A 
----1l. 

a a 
? d"'" 

a 
~ 2.5 

", 
0.2N!!.:.. 

a 

nominal shear strength of short columns ~ vu/~ 

V design shear force, factored dead load plus live 
u 

load shear 

(8.6) 
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Table 8.1 shows the comparison of the shear forces of the specimens 

in the current investigation calculated uSing the empirical 

equation (8.1) for V and the proposed equation V (8.6). Shear 
r nr 

capacities of all specimens calculated using the proposed equation 

were less than the flexural capacity. The average ratio of V to 
m 

V nr 
is 1.27 and the standard deviation is 0.17. The average ratio 

of V to V is 0.97 with a standard deviation of 0.08. The 
m r 

difference can be attributed to the removal of the term for the 

contribution of transverse reinforcement in the proposed equation. 

It should be noted that computed capacities using V are obviously 
nr 

more conservative. 

8.3 Effect of Deterioration 

The proposed equation is examined vis-a-vis the Japanese 

data on short columns. Almost half of the one hundred eleven 

column tests reported deteriorated rapidly after reaching 

maximum load. Table 8.2 shows a comparison of measured maximum 

and calculated shear capacities and the flexural capacity for the 

Japanese tests. The behavior was classified as flexural or 

degrading in shear. 

in Figs. 8.3 and 8.4. 

Examples of each type of behavior are 
53 

The commentary of the SEAOC code 

indicates that the flexural behavior is satisfactory if the 

displacement ductility factor, ~ (defined as the ratio of 

shown 

deflection at ultimate strength, A , to that at yield strength, 
u 

by)' is at least 3.0. 

flexural ductility. 

Figure 8.3 illustrates this concept of 

The observed specimen behavior is indicated 

in column 5 of Table 8.2. The calculated flexural capacity 

V
f 

(col. 3) and the capacity calculated using the proposed 

equation V (col. 1) were compared to determine whether flexure 
nr 

or shear degrading behavior would be expected. It is interesting 

to note that whenever V is greater than V
f

, the flexural behavior 
nr 

requirement stated in the SEAOC code was met (cols. 5 and 8). 
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TABLE 8.1 COMPARISON OF EMPIRICAL EQUATION V 
AND PROPOSED NOMINAL STRENGTH V r nr 

V Vf 
V V 

V'lvr Vivnr Specimen m r nr 

Name kips kips kips kips 

O-PU 56 49 55 41 -- * -- * 
C-PU 67 80 67 53 1.00 1. 26 
O-PB 52 53 59 45 0.88** 1.15 

~ C-PB 77 78 72 59 1.07 1. 30 
:=> O-DM 55 65 60 45 0.92 1. 22 
..:l C-DM 68 76 71 56 0.96 1. 21 0 
C) 

O-DU 64 59 55 41 -- * -- * 
"' O-DB 61 59 55 42 __ ":k 

" e;j --

:=> C-DB 68 73 68 53 1.00 1. 28 
0- C-DB32 78 80 92 57 0.85** 1. 37 '" C-DB21 76 84 81 58 0.94 1. 31 

C-DB9 64 84 67 58 0.96 1.10 
C-DB3 66 80 62 59 1.06 1.12 

§ OUS 66 95 69 54 0.96 1. 22 
OUW 57 51 45 28 -- * -- * 

0 CMS 86 120 88 75 0.98 1.15 
C) 

CUS 74 113 83 69 0.89 1. 07 
'" CUW 60 68 54 36 1.11 1. 66 j 
p 2CUS 91 134 105 75 1. 03 1. 21 
" CDS30 80 105 79 58 1. 01 1. 38 :;j 
H CDmo 74 78 67 43 1. 10 1.72 
C) 

(s) CBSH 69 114 82 69 0.84 1.00 g-j 
(w) CDsmo 57 73 58 40 0.98 1.43 

Average 0.97 1. 27 

Standard Deviation 0.08 0.17 

(s) - strong direction 
(w) - weak direction 

" the computed flexural capacity Vf is less than 
measured maximum capacity V 

m 

** - the computed shear capacity V is greater than 
computed flexural capacity Vfr 
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TABLE 8.2 CLASSTFICATION OF THE BEHAVIOR OF 
JAPANESE TEST COLUMNS 

U) (') (l) (4) (5) (6) (7) (8) (9) , 
'" 'f 

, 
"' m 

Spcc1=no kipo 1.:1po k1po kips Balulv10r Vw:;J:.Vf V,."'Vf 
, 

nr"'Vf 
Accepting 
ACr Coda 

Al' 210A Z4 19 " " " " X X X 
22Ca " JJ 2J 23 0 0 0 X X 
JlOA Z4 4l " " " 0 0 X 0 
HOB Z4 3l 37 J6 0 X X X X 
320A 14 " " 18 0 X 0 X 0 
nCA " 43 " " 0 0 0 X X 
32CB " 40 Jl 30 " X 0 X X 
410A Jl 4l 4' 4' 0 X X X 
420A 14 43 " 28 0 0 0 X 0 
42011 l4 Jl " 26 0 X 0 X 0 
42CB 22 43 J6 J6 " 0 0 X 0 

... 2 lm< " Sl 4l 4l 0 0 X 0 
HIT " Sl " " " 0 X 0 

"" 24 " 2l 22 0 0 0 0 

"" 24 " 2l 22 0 0 0 0 

'BH " Sl 4S 39 " X 0 X " SBr " Sl 4S 4l 0 X 0 X X 

"" 2l 2J 24 Z4 0 0 X X X 
6BT 2l 2J 24 Z4 0 0 X X , 
"" 24 56 J6 J6 0 0 X 0 
m 24 56 J6 J6 0 0 X 0 

'-' lM " 44 " " 0 0 0 0 
lAO " 44 " " 0 0 0 0 
lM 24 44 25 " " 0 0 X 0 

'" 24 " " 26 0 0 X 0 

'M " 44 " " " 0 0 X 0 

"" " J6 29 30 0 0 0 X 0 
2SA 24 22 18 19 , 0 0 0 0 

'" 24 " 18 19 , 0 X 0 X 
De, " 44 Jl J2 0 0 X 0 

LE 2SAL 2l " " " 0 0 0 
6ACL 18 22 20 20 0 0 X X 
]SCL 21 46 31 3l 0 0 X 0 
8ACL " 46 " " 

, X 0 
'ML " )9 " " " X 0 

A!! 15B511 2S 46 35 3l 0 X 0 X 0 
lSBST 2S 46 3' Jl 0 X " X 0 
2OAlI{ 17 " 18 18 " 0 0 X 0 
WAlT 17 " 18 18 " 0 0 X X 
20ASII 17 " 20 18 0 X 0 X 0 
20B111 17 46 " " 0 0 X 0 
20B2T 17 ". " " " 0 0 X X 
20115H 17 46 20 20 0 0 0 X 0 
2OIl.)T 17 46 23 24 0 0 0 X X 

(l) , 
"' 

"ominal ~ho..at ~treo8th of ahort colUlllllll 

(2) , 
" 

nom11l41 .hollr atrongth in Ae! Code 

(3) 
'f calcuLated flexural capacity 

(4) , "",nourod u:n.xi.lwm Illtorll.l lOdd 
m 

(51 Behavior obacrvcd ~pcciJ::><!n bciulvior 

f • flexure 
!) A "hear datariorneion 

(6) 'm 
, 

'f } (1) , , " 
• '{es 

" • 110 

(8) ., 
"" 

' , f 
(9) /Lccepeing ACI Code chocking Vn i! V f and detaUs 

(tie 9PIICirlS, tin df.Arlllltllr) 
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TABLE 8.2 CLASSIFICATION OF THE BEHAVIOR OF 
JAPANESE TEST COLUMNS (Cont. ) 

(ll (Z' (3) (4) (5) (6) (7) (8) (9) 

'0< '0 'f '. 
Specimens kips kips k1p5 kips Behavior Vrn<:'V f Vn"'"V f Vnr:ii:.Vf 

Accepting 
ACt Code 

AR2 "" 1/6 20 '8 Z5 29 F 0 , 0 

"" l/' " " 32 33 0 0 0 X 0 
2BT 1/6 20 " 25 27 F 0 0 X X 
m l/4 " 48 J2 33 0 0 0 X X 
5Bll 1/6 20 48 29 J2 0 0 0 X 0 

'''' 114 " 48 J4 33 X 0 X 0 
58T 1/6 20 48 29 J2 0 0 0 X , 
'5T 1/4 " 48 )4 33 X 0 , X 
2AM 1/6 20 " 20 Z2 0 0 0 0 
2All l/' " " 25 27 0 0 , 0 

"T 1/8 20 42 20 Z2 0 0 0 0 
2AT 1/4 13 42 25 27 0 0 X 0 

'All 1/8 20 4J 19 24 0 0 0 0 

'All 114 2J 4) 25 28 0 0 X 0 

'" 1/8 20 42 19 25 0 0 0 0 

'" 1/4 2J " 25 28 0 X 0 

1.&2 )ACe 26 38 28 29 0 X 0 
)SCe 26 29 28 29 0 X X 

AF2 Z2 4' 24 25 , 0 

CHT 1 9S 136 89 9S F 0 0 0 0 
2 74 114 77 80 0 0 0 , 0 
) 74 129 87 87 F 0 0 , 0 
4 74 127 9S 9S a 0 0 x 0 

" 38 "' " " 0 0 0 X a 
2A Z2 38 2. 21 F • • • • 
" Z2 25 20 20 , • • a • 
)A 35 46 30 )1 F • 0 • • 38 35 28 30 )1 F • X • X 
4A 19 18 15 15 F • • • • 
48 19 14 15 15 F • X • , 
" 35 49 40 44 • • • x • 
" 35 " 40 44 a a a , • 
6A 19 31 19 22 F • • a 0 
6B 19 Z2 19 Z2 F • • • X 
7A Z2 49 )1 31 0 • x • 
" 22 49 31 31 • 0 , • 
8A 19 49 26 26 • • X • 88 19 35 26 26 a 0 X • 

" " 50 51 '1 53 0 • 0 X X 
)A 45 2J 38 40 F 0 X 0 , 
38 45 17 38 39 F 0 X 0 X 

" 2J 16 19 20 F • X a x 

" 45 " 47 47 , • 0 x 0 
50 45 38 47 47 0 0 x X X 
6A " 27 21 " F • 0 • os 2J 18 21 24 F 0 X 0 X 
7A 28 66 33 36 F 0 0 x 0 
7B 28 45 33 36 F 0 0 X • 
SA " " 27 28 • 0 x 0 
88 2J 25 27 28 • X X X 
2A 28 )0 22 24 F 0 0 0 0 

" 28 Z2 22 25 0 • 0 x 

'" 18 4l " 44 46 0 0 0 x • 38 38 25 30 33 F 0 X 0 X 
2AO.)) Zl " 24 26 0 0 0 x 0 
200.33 2l 26 24 26 a 0 0 X , 

2A II J4 22 2) a 0 0 x • 2B 2l 22 Z2 2J F 0 a X , 
SIlO.Z5 4l 52 " 55 0 0 , , , 

50 J8 52 42 4J a 0 0 X 0 
6AO.JJ " " )[ 32 0 0 0 x 0 
6AO.25 2l 52 27 30 F 0 0 x 0 
680.25 " " 21 28 0 0 , 0 

6A 20 32 20 22 0 0 0 0 

" 20 20 20 22 F 0 0 0 X 
7B 2l " JO Jl 0 0 0 , 
" 20 30 26 26 0 0 , 
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Whenever V was less than V
f

, the observed behavior was shear nr . 
degrading (sixty-seven of the eighty-one columns). In fourteen 

columns the observed response was flexural, 

than V £. In no case did a specimen exhibit 

however, V was less 
nr 

a shear mode when V 
nr 

exceeded Vf' The results show that had the short columns been 

proportioned so that V 
nr 

behavior would I1Bve been 

was greater than Vf' it 

dominated by flexure. 

is likely that the 

Although the proposed equation does not include the effect 

of the transverse reinforcement, there are valid reasons for 

including some minimum transverse reinforcement in the column. 

First, the transverse reinforcement does carry a part of the 

shear force even if it is not included and, therefore, increases 

the margin against failure. In addition, transverse reinforcement 

helps confine the core and maintain the flexural capacity of column 

hinging regions, when flexural ductility is required. In Sec. 6.5 

it lvas observed that increased amounts o£ transverse reinforcement 

did not improve the rate of deterioration after the maximum load 

was reached, but did improve the ability of the specimen to 

withstand large deformations. 

To meet these requirements, it is recommended that in the 

design of short columns the minimum diameter and the maximum 

spacing of transverse reinforcement should be specified. It is 

reasonable to require that at least #3 bars at a maximum spacing 

of d*/4 should be required. Such a requirement is nearly identical 
25 to that in Appendix A of the ACI Building Code. When large cross 

sections are chosen for a short column, a minimum amount of 

transverse reinforcement may be necessary. In the thirty specimens 

tested in Japan in which Vnr was greater than V£ and whose behavior 

\oJas dominated by flexure, the amount of transverse reinforcement 

The range of A f d;' Is 
v ys h 

was from 0.12 V 
nr 

to 2.SV 
nr 

varied widely. 

Therefore, it may be reasonable to require that the transverse 

reinforcement meet the following requirement: 
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A f d" 
v y8 

sh 
O.12V 

nr 
(S.7) 

In terms of a ratio of transverse reinforcement, Ph the minimum 

becomes 

where 

S.4 Procedure to Control 
the Performance 

O.12V 
nr 

(S.S) 

Figure 8.5 shows a flow chart of the proposed procedure to 

control the performance for short columns with 1 ~ a/ d~'" ::;; 2.5 

using the equation V (Eq. (8.6». First, factored external shear 
nr 

to the frame is estimated and external shear to each column V is 
u 

calculated using any appropriate analytical techniques. Second, 

the column cross section is selected and nominal flexural capacity 

Vf = Mnla is calculated. Third, the values of Vu and '~f (~ is 

the strength reduction factor for flexure) are compared. If ~f 

is less than V
u

' the cross section must be revised, and V£ is 

calculated for the revised section. When crV f is greater than 

V , the nominal shear capacity based on the proposed equation 
u 

V can be calculated. Fourth, both the values of V
f 

and V and 
nr or 

the values of 'IV ('p is the strength reduction factor for shear) nr 
and V are compared. If V

f 
is less than V and V is less than 

U nr u 
'pW ,the transverse reinforcement is detailed to satisfy minimum 

nr 
requirements. Otherwise, the cross section must be revised. 
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8.5 Comparison of ACI Design and 
Proposed Procedure 

In this section, the shear capacity calculated using the 

ACI method and the proposed equation are compared using the results 

of the current investigation and Japanese tests. The characteris­

tics of both approaches are contrasted. 

8.5.1 University of Texas Tests. Figure 8.1 indicates 

the effect of the spacing of transverse reinforcement to the 

shear capacity in the square short columns, C-DB32, C-DB21, C-DB, 

C-DB9, and C-DB3. The data of these five specimens are shown by 

solid square points. The shear capacity calculated using the 

proposed equation, V ,is shown by the line just below 
nr 

the test values. However, the shear capacity using the ACI 

Building Code terms V 
c 

difference between the 

and V + 
c 

measured 

V indicate that there is a large 
s 

capacity and the value of V + V 
c s 

in the specimen with 12 in. spacing of transverse reinforcement. 

It is clear that the measured shear capacity of the short column 

does not vary sigpificantly with the amount of transverse reinforce­

ment. The ACI equations do not reflect this behavior, but the 

proposed equation indicates a fairly high constant shear capacity 

with increase in transverse reinforcement. Figures 8.6 through 8.9 

(repeated from Chapter 6) are interaction diagrams for the square 

and rectangular columns. All figures indicate that the proposed 

equation provides a better estimate of the shear capacities than 

the ACI equations. However, in the case of columns with a/d'" near 

2.5 (east direction strength in Figs. 8.8 and 8.9), the contribu­

tion of the concrete to the shear capacity becomes small and the 

proposed equation yields nearly the same capacity as the ACI 

equation. The beam geometry is approaching that of a slender 

beam. 
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NORTH 
~ ~*= 1.25 

v p c 

b c Acffc NORTH 

!o c -"-EAST 
/0 c 

10 c a 
d*= 2.44 

10 TIE SPACING = 3.5 in. 
(8.9 em.) 

,o1Tl ·...,e,oO 
.~~ 

1I!!!e~~ eO 
5 .......... \~ 

() 

\'~~/ 1> 
""0 
1> . ,2,. () 

4 \ \(:) -I "'C:-l' \.Ie -< 

'~ • \~ \ EAST \ 
\ 

V-
0 5 10 

Acffc 

Fig. 8.8 Rectangular column without axial load 
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v 
A/fc NORTH NORTH o/~ I. 25 

• 
15 

Fig. 8.9 Rectangular column with axial load (120 kips) 



8.5.2 Japanese Tests. In Table 8.2 measured maximum 

capacities were compared with calculated values of shear and 

flexure for one-hundred eleven short columns tested in Japan. 

Seventy-four specimens meet ACI Building Code requirements for 
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size and spacing of transverse reinforcement and the calculated 

flexure is greater than tile shear capacity using ACI procedures. 

However, of the seventy-four specimens, forty-five specimens failed 

in a shear degrading made after reaching maximum load. Figure 8.4 

shOlved an example of a specimen exhibit ing shear deterioration 

even though it met all ACI Building Code requirements. However, 

using the proposed equation, in all cases in which the calculated 

shear capacity was greater than calculated flexural capacity, 

the behavior of the column was governed by flexure (Fig. 8.3). 

8.5.3 A Comparison of ACI and Proposed Procedure. The 

proposed procedure appears to ensure better performance than ACI 

design requirements. Figure 8.10 shows a comparison of the longitu­

dinal reinforcement ratio (total longitudinal reinforcement divided 

by the area of the 

equation) ~ V
f 

and 

cross section) for the case of V (proposed 
nr 

the case ~f Vn(ACI) ~ V
f

. Three levels of 

transverse reinforcement were used to calculate V . V ~ V 
n n c 

+ 8"ff' bd" (V ~ 2 (l + O. OOOSN / A )"f£l bd i
') 

c c g c 
indicates the maximum 

value of V , and V ~ V + 50bd* indicates 
n 11 c 

the minimum. V :::: V 
n c 

+ 4JfI bd''- is chosen at 
c 

the mid-range of transverse reinforcement. 

To determine t11c limits of p for which the 
g 

be met, the flexural 

V ;., V
f 

or the nr . 
(V

f
) and shear Vn ~ V

f 
criterion will 

capacities (V or V ) 
nr n 

were computed in terms of P
g

, substituted 

into Vnr ~ v£ or Vn ~ Vf' and the equation 

di.fferent a/d'" ratios. Two limiting cases 

was solved for p 
g 

were considered; 

for 

p* ~ P /2 and p* ~ p /4. 
g g In most cases the ratio of longitudinal 

reinforcement in the extreme tension zone will range from a maximum 

of P /2 to a minimum p /4 a.s shown in Fig. 8.10. Assuming a square 
g g 

column with £1 = 5 ksi, f 60 ksi and axial compressive stress 
c y 
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ON = 0.8 ksi (the maximum axial load to be used in Eq. (8.6)), V , nr 
Vn and V

f 
were calculated. Figure 8.l0(a) (p* = Pg/2) indicates 

that the maximum p for V ? V
f 

is about 1.8 percent and 
g nr 

Fig. S.lO(b) (p* = p /4) indicates that it is around 2.4 percent. 
g 

Minimum p 
g 

is determined as 400/£ which is 1.0 percent for Grade 40 
y 

and 0.67 percent for Grade 60. The minimum p is determined from 
25 g 

Eg. (10.3) of the ACI Building Code by setting p /2 = 200/£. In 
g y 

the case of V , Figs. 8.l0(a) and (b) show that it is impossible to 
n 

design short columns using high longitudinal reinforcement ratio 

with decreasing a/el'!' ratio. Some short columns'· which satisfied the 

satisfy the relation V ~Vf (the 
nr 

relation Vn ~ V
f 

and did not 

region between the line V = V 
n c + sJiT 

c 
bd* and V ) may exhibit 

nr 
shear deterioration. For a given a/ d;' 

falling within the shaded zone (V ~ 
nr 

ratio, columns with p 
g 

Vf) would be expected to 

perform satisfactorily with regard to shear deterioration and the 

ability to dissipate energy. 

It is interesting to note that using the ACI Code for short 

columns, a designer could choose a small cross section with 

substantial amounts of longitudinal and transverse reinforcement. 

Short columns proportioned by the proposed method would tend to 

have large cross sections, fairly small areas of longitudinal 

reinforcement and transverse reinforcement governed by minimum 

requirements. 

The ACI Code does not specifically refer to short columns 

subjected to cyclic reversed loading. The proposed procedure was 

very effective in evaluating the Japanese data on short columns 

under unidirect iona 1 reversed loading. Therefore, the procedure 

can be considered acceptable for the short column under static 

and unidirectional reversed loading. Although there are not 

sufficient data to verify the procedure for short columns under 

any pattern of bidirectional reversed loading, it is likely that 

the procedure t,,1i11 provide sections that perform in a satisfactory 



234 

manner. Some tests indicate that large deformations in one 

direction may be detrimental to the response in the other direction. 

However, the proposed procedure may be applied to bidirectional 

loading with much greater confidence than existing ACI 

procedures. 

8.6 Summary 

The proposed procedure for the shear capacity of short 

columns has several significant characteristics. The transverse 

reinforcement does not contribute directly to the shear capacity. 

The prime variables are the concrete strength, the a/d* ratio 

and the level of axial compression. Transverse reinforcement is 

necessary only for maintaining the integrity (confining) of the 

concrete core. Using the proposed procedure, shear degradation 

under static and unidirectional reversed loading is avoided 

while columns designed using the ACI Code may exhibit severe 

reduction of energy dissipating capacity under load reversals. 



C HAP T E R 9 

SUMMARY AND CONCLUSIONS 

9.1 Summary of the Invc:stigation 

The objective of the study was to develop a design 

procedure for reinforced concrete short columns subjected to cyclic 

lateral deformations which would provide adequate strength and 

maintain that strength through cyclic reversals of deformation. 

An experimental investigation of a series of short columns provides 

a basis for evaluating various design approaches. 

9.1.1 EX)Jerimental Investigation. Ten rectangular short 

columns were tested in the current investigation. The columns 

were subjected to slmvly applied cyclic deformations at the upper 

end of the column relative to the bottom end to simulate the 

action of a column between stiff floors subjected to lateral 

deformations. Loading direction, loading history, and axial 

compression were the prime variables. The behavior of the 

rectangu lar columns was compared \vith the behavior of square 

columns testE.'cJ c'<-lrlier. 

9.1.1.1 Test Specimen. The test specimen 'Y]as a 2/3-scale 

mocJel of a prototype column. The test specimen had a 9X16 in. 

rectangular section with ten fl6 (19 mm) longitudinal bars, 6 mm 

closed stirrups <1t 3.5 in. (87 mm) as transverse reinforcement 

and 1 in. (25 mm) cover. The specimens were tested to simulate 

a sllort column between stiff floors. 

9.1.1.2 Test Schedule. Four specimens were deformed in 

the strong direction. In three of the four, unidirectional 

reversed loading and zero, 120 kips, or 240 kips axial compression 

235 
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were applied. Axial compression was constant throughout the test. 

Monotonic loading with 120 kips axial compression was imposed on 

the fourth test. 

Two specimens with zero and 120 kips axial compression 

were deformed in the weak direction. One specimen had bidirectional 

reversed loading along both strong and weak axes. The remaining 

three specimens were deformed diagonally; two had unidirectional 

reversed loading 30° from the strong axis, and 30 0 from the weak 

axis, respectively. The other had bidirectional reversed loading 

applied 30° from the strong and 30° from the weak axis. 

The lateral load was controlled by deformation. Three 

cycles of reversed deflection were applied at each deflection 

limit and the deflection limit was incrementally increased. 

In each specimen the applied forces, lateral deformation, 

strain in longitudinal and transverse reinforcements and rotations 

of the column ends were measured. Cracks were marked at every 

peak deflection limit. Experimental data from square columns 

tested in earlier investigations at the University of Texas were 

used for comparison with the results for rectangular column 

tests. 

9.1.2 Conclusion from Test Results 

9.1.2.1 Crack Pattern 

(1) The angle of shear cracks is often assumed at 450 in 

design, but even if initial cracks opened at an angle 

of 45°, the angle with respect to the column vertical 

axis of the shear cracks at failure was less than 450 

in the short columns. This phenomenon was especially 

noticeable as the shear span to effective depth ratio 

was reduced. 
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(2) The crack pattern under diagonal loading was similar 

to that under loading in the principal direction. 

Especially in rectangular columns the crack pattern 

under diagonal loading is affected primarily by the 

deformation in the strong direction. 

9.1.2.2 Strain Distribution 

(1) Along the longitudinal reinforcement, the strain 

gradient is greater 'With axial compression. 

(2) The strain distributions in the longitudinal and 

transverse reinforcement are not affected by the 

loading history (unidirectional or bidirectional) 

until the maximum load is reached in any direction. 

9.1.2.3 Deterioration 

(1) Axial compressive load produced an increase in the 

capacities, but more rapid deterioration of strength. 

(2) The maximum load in the column under bidirectional 

loading reached almost the same value as that under 

unidirectional loading. However, after the deflec­

tion at the maximum load under unidirectional loading 

'oJas reached in columns under bidirectional loading, 

tile strength began to drop in both directions. 

(3) The slope of the descending part of curves indicated 

that there were no differences between the columns 

with tlle unidirectional and bidirectional loading. 

(4) As shear span to effective depth ratio decreased, the 

maximum load in the column increased, but after it 

was reached, deterioration of strength occurred 

rapidly. 
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(5) Increased amounts of transverse reinforcement added 

somewhat to shear strength and improved the ability 

of the specimen to withstand large deformations, but 

did not improve the rate of deterioration after the 

maximum load was reached. 

9.1.2.4 Lateral Load Capacity. The maximum capacities 

of the columns with diagonal unidirectional loading could be 

estimated by an interaction line (circle or ellipse) connecting 

the maximum capacities of the columns under unidirectional 

loading along the principal axis. 

9.2 Evaluation of Lateral Load Capacity 

Measured shear capacity was compared with calculated 

flexural capacity and shear capacity using the ACI 318-77 approach, 

formulations based on plasticity theory (Thurlimann and Nielsen), 

and equations proposed by Zsutty. These methods did not 

accurately estimate shear capacity for the following reasons: 

(1) In most cases, shear capacity of short columns increases after 

first shear cracking because of some type of arch or strut action 

in the concrete; (2) The loading and deflection of the short 

columns is not the same as that of simply supported beams on which 

most methods are based, but is similar to that of continuous beams; 

(3) Short columns for which the calculated shear capacity using 

existing approaches is greater than flexural capacity may exhibit 

loss of energy dissipating capacity. Therefore, the equation to 

calculate the shear strength of short columns was developed using 

regression analysis based on data from continuous beams with 

1 ~ a/d* ~ 2.5 which failed in shear. Measured shear capacities 

were compared "vith calculated shear capacities based on this 

equation and it was shown that this equation was acceptable. 



9.3 Proposed Approach 

An equation to control the performance of short columns 

was developed by simplifying the equation derived from the data 

of continuous beams failing in shear. The equation has the 

follo\Oing form: 

(11 
a 

A Jf' O.2N 
V - 3d"') + nr c c a 

~ 

o .2N 
l60A 

,,; --.& 
a a 
d" d*" 

1 
a 2.5 ,,; 
~ 

,,; 

In this simplification, the contribution of the transverse 

reinforcement is ignored because the results of short column 

tests indicate that the contribution of concrete was at least 

70 to 80 percent of the total shear capacity. The equation is 
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a function of the shear span to depth ratio (a/d*), the concrete 

strength (£/), and the level of axial compression eN). Transverse 
c 

reinforcement is necessary only for confinement of the concrete 

core. 

Short columns designed using Appendix A of the ACI Code 

may degrade rapi.dly in shear after maximum load is reached. 

However, short columns designed by the proposed procedure would be 

expected to maintain energy dissipating characteristics under 

static or unidirectional reversed loading. A short column loaded 

in any direction can be designed or evaluated by this procedure. 

In general, the procedure \'.Ii11 result in columns with large 

concrete cross sections and low percentages of longitudinal 

reinforcement. Based on comparisons with all data available, 
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the proposed procedure represents a considerable improvement 

over existing ACI and other approaches for designing or 

evaluating the strength of short columns. 

9.4 Recommendations for Future Work 

The following studies are suggested for future research 

based on the results of the current investigation. 

9.4.1 Axial Compression. The effect of much higher axial 

compression (more than the axial load at balanced strain condition) 

on the hysteretic behavior of short columns needs study. Axial 

compression may cause a much more severe shear deterioration of the 

section. Such studies may help define the limit on the contribu­

tion of axial compression in the proposed equation and provide 

data for a more accurate expression for the shear capacity of 

short columns. 

9.4.2 Bidirectional Loading. There are limited data on 

'llhich to verify that short columns meeting the requirements of the 

proposed procedure will perform satisfactorily under any bidirec­

tional loading pattern. The proposed equation was verified using 

tests of columns loaded unidirectionally and further research on 

bidirectional loading needs to be conducted. 



A P PEN D I X A 

SECOND ORDER EFFECTS--AXIAL COMPRESSION 

Figure A.l shows the free body diagram of a column specimen 

under applied loads and also shows the related equilibrium equations. 

These equations were derived by Ramirez.
23 

The application of 

lateral deformations through the loading frame causes the axial 

load to be inclined. Second order effects are induced which 

increase the applied shear with respect to that measured. 

The applied shear is given by the first equilibrium 

equation shown in Fig. A.I. Considering that ~ and A are 
v 

small compared with the dimensions of the loading frame, the 

following simplification can be made: 

V 
a 

or V 
a 

where V is measured shear and e = 1.S1NYV represents the percent 
v 

error in assuming the measured shear is equal to the total applied 

for V 
a 

shear force. The simplifications assumed in the formula 

are satisfactory because the errors computed without the simplifica-

tions are very near those computed with the simplifications. 

Table A.I presents the computed error in the maximum 

capacity for rectangular columns. The maximum error is only 

1.6 percent for the specimen 2CUS. It is clear that the error 

is not significant and no modifications in shear due to second 

order effects are needed. 
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1l-- -------------, 
\ 
II . , 

: 66.25" + 6 v 11\N 
I . 

r 61.75"+ 6 ,f1.125" I ______________ --] 
'~_ V .. 17" 
~ : ~ -: _-=--:: - - - - - - "'"- c·,':': - - - - - - _1- -I- - - - - - - - - - - - --{ 
Il "~ _. . 12.125" 

v lb 1--1 
I 
I 

48.25" 

96.5" 

Le i , 
:62 11 

... 6 
v 

Equilibrium Equations: 

V a 

N a 

M 
a 

61.75 + 6 6 
~ 

J(61. 75 + 6 )2 + 6
2 V + 

6
2 N 

J(66.25 + 6
v

)2 + 
v 

6 66.25 + 6 v v 
V + N 

)(61. 75 + 6)2 + 62 ~(66.25 + 6
v

)2 + 6
2 

v 

a 

(61. 75 + 1::.) (61.125 - I::. ) - 6 (49.375 - 6) 
V V V + J (61. 75 + 1::.)2 + 1::.2 

v 

6(78.125 - 6 ) + (66.25 + I::. )6 
v v N 

~(66.25 + I::.
v

)2 + 62 

(62 - 6 )96.5 
v Le 

)(62 _ 6)2 + 1::.2 

Fig. A.l Free body diagram of the specimen 
and equilibrium equations 
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TABLE A. 1 P - t, EFFECT 

N 
V t, e 

Specimen 
m m v 

Name kips kips in. % 

CMS 120 86 0.48 1.0 

CUS 120 74 0.40 1.0 

CUW 120 60 0.48 1.4 

2CUS 240 91 0.40 1.6 

CDS30 120 80 0.46 1.0 

CDW30 120 74 0.37 0.9 

(s) CBSW 120 69 0.40 1.1 

(w) 120 52 0.32 1.1 

(8 ) CDSW30 120 62 0.23 0.7 

(w) 120 57 0.37 1.2 

e 1.51 Nt, ! V 
v m m 

V' (1 + e /100) V 
m v m 





A P PEN D I X B 

GEOMETRY CORRECTION 

The deflection mcc.lsllring devices (potentiometers) monitor 

the movement of the specimen along the north-south, east-west, 

and vertical axes of the specimen. The orientation of the 

potentiometers does not vary during the test. The load cells, 

however, are attached to the rams so that they measure load 

along the axes of the rams. During movement to the diagonal 

direction in the specimen, the axes of the rams also move. 

Thus the load values read from the load cells are not oriented 

along axes coincident with the axes of deflection measurement. 

In order to have values of load which act along the axes of 

deflection measurement, the load cell readings are adjusted to 

account for the geometry change of the loading system. The 

method is simply to break the load cell reading into components 

along the desired axes and then sum the components in each 

direction to obtain the corrected value of load. 

The correction equations were derived by Woodward. 24 

Figure B.I shows a coordinate system in which the original 

position of the specimen is shown as point O. A movement of the 

specimen shifts its pOSition to point 0'. The components of 

deflection are t:.s along the north-south axiS, !:n along the east­

west axis, and ~ along the vertical axis. Figure B.2 shows the 

components of loael for each of the load cells. The values of 

load as measured by load cells are denoted by NM, HSM' and HEM 

for the axial load cell, south lateral ram load cell, and east 

lateral ram load cell, respectively. The components of load 

for each loael cell are shmoJn as ~oJell as the original length of 

Preceding page blank 245 
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the rams LV' Ls' and LE (axial, south lateral, and east lateral). 

The resolution of the load cell readings to their components is 

quite simple and the equations are presented in Fig. B.3. The 

final step is the algebraic Slim of the components with due 

regard to sign convention. 

The geometry correction was applied to three specimens 

loaded in the diagonal direction and all of reported values of 

load in these three specimens include the correction. An example 

of the effect of the correction on the envelope of a load-deflection 

curve is illustrated in Fig. B.4, which is the resultant load 

versus resultant deflection with a compressive axial load (NE 

direction of CDS30). 
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