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ABSTRACT 

Experimental results of twelve reinforced concrete specimens subjected to reverse 

cyclic shear are presented. The tests were performed as part of a long-term research 

program that is presently underway at the University of British Columbia to develop a 

rational model for seismic shear design. 

The main objective of this investigation was to test reinforced concrete specimens 

under well-defined loading conditions in order to provide insight into the behaviour of 

structural members subjected to reverse cyclic shear. A secondary objective was to 

develop a scheme to obtain a comprehensive record of crack patterns and deformations. 

Enhancements made to both the experimental documentation and the specimen boundary 

conditions are described. 

A number of parameters are investigated to examine their effect on a reinforced 

concrete member's behaviour during reverse cyclic shear. The influence of shear span 

(the ratio of maximum bending moment to shear), amount of transverse reinforcement, 

axial load (tension and compression), and the presence of distributed longitudinal 

reinforcing steel are examined. 

It is apparent that decreasing the shear span wil l result in a reduction of the 

amount of flexural ductility exhibited by a member whereas increasing the amount of 

transverse reinforcement improves both crack control and flexural ductility. It is also 

apparent that adding axial compression increases the shear capacity of a reinforced 

concrete element and reduces crack angles, whereas applied axial tension results in 

increased crack inclinations and a reduced shear capacity. The addition of distributed 

reinforcing steel was found to enhance crack control and resulted in improved energy 

dissipation. 

Experimental results are compared to initial and final shear capacity predictions 

made using ATC-6-2 provisions. Based on the favourable agreement between the 

experimental and predicted shear capacities, it appears that the model successfully 
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captures the degradation of shear strength with increased ductility demands. However, 

although the ATC-6-2 provisions using the simplified "Vc+Vs" method for calculating 

shear strength provided reasonable estimates of the initial and final shear strengths, 

perhaps a more refined, rational method of calculating shear resistance, such as the 

Modified Compression Field Theory, would improve the predictions and provide greater 

insight into the mechanisms present during reverse cyclic shear. 

in 



T A B L E O F C O N T E N T S 

Abstract ii 
List of Tables v 
List of Figures vi 

CHAPTER 1 - Introduction 1 

CHAPTER 2 - Experimental Program . . 5 
2.1 Testing Apparatus 5 
2.2 Test Specimens 8 
2.3 Construction of Specimens 11 
2.4 Material Properties 13 
2.5 Instrumentation and Testing Procedure 17 

CHAPTER 3 - Theoretical Background 21 
3.1 Introduction 21 
3.2 Flexural Capacity 21 
3.3 Shear Capacity 26 

3.3.1 Initial Shear Capacity 26 
3.3.2 The ATC-6-2 Seismic Shear Model 30 

CHAPTER 4 - Discussion of Test Results 34 
4.1 Introduction 34 
4.2 Influence of Shear Span 34 

4.2.1 Column Section 35 
4.2.2 Beam Sections 36 

4.3 Influence of Stirrup Spacing 43 
4.4 Influence of Axial Load 47 
4.5 Influence of Distributed Reinforcement 51 
4.6 Comparison of Predicted and Observed Responses 54 
4.7 Measured Deformations 58 

CHAPTER 5 - Conclusions 60 

Bibliography 63 

Appendix 64 

iv 



L I S T O F T A B L E S 

2.1 Summary of Experimental Program 8 
2.2 Summary of steel properties 13 
2.3 Summary of concrete strengths 16 
2.4 Specimen shear spans and location of LVDT displacement transducers . 20 

3.1 Initial shear capacities of all specimens 28 
3.2 Shear capacities and demands for each specimen 31 



LIST OF FIGURES 

2.1 Plan view of U B C Element Tester (Adebar, 1994). . : 6 
2.2 Partial elevation of UBC Element Tester (Adebar, 1994). . . . . . . 7 
2.3 Loading conditions to apply traverse shear 7 
2.4 Tester capacity interaction diagrams (Adebar; 1994) 7 
2.5 Cross-sections of column and beam specimens 10 
2.6 Specimen boundary conditions 11 
2.7 Photograph illustrating formwork 12 
2.8 Stress-strain response of reinforcing steel used in specimens SRI-SR6 . . 14 
2.9 Stress-strain response of reinforcing steel used in specimens SR7-SR12 . 15 
2.10 L V D T displacement transducer setup 19 
2.11 Photograph of instrumentation and test setup 19 

3.1 Idealized stress-strain relationships for concrete and steel 
(Collins & Mitchell, 1987) 23 

3.2 Bending moment-curvature responses for cross-section 
types C, B l and B2 24 

3.3 Bending moment-axial load interaction diagram for Type C sections 
(Specimens SRI to SR8) 25 

3.4 Predicted shear capacities for specimens SR7 and SR8 28 
3.5 Influence oia/d ratio on shear strength of members for both traditional 

and U B C Element Testers (Adebar, 1994) 29 
3.6 ATC-6-2 model showing the resolution of shear demand and capacity . . 32 
3.7 Typical loading conditions using the U B C Element Tester 

(Adebar, 1994) 33 
3.8 Shear demand for specimens SR7 and SR8 33 

4.1 Hysteresis curves and peak shear forces for column type specimens 
SRI-SR4 with varying shear demand 39 

4.2 Hysteresis curves and peak shear forces for beam type specimens 
SR9-SR11 with varying shear demand 40 

4.3 Photographs of column sections, SR1-SR4, showing varying degrees 
of shear degradation and crack inclination 41 

4.4 Photographs of beam sections, SR9-SR11, showing varying degrees 
of shear degradation and crack inclination 42 

4.5 Hysteresis loops and peak shear forces for column type specimens 
SR2, SR5 and SR6 with different shear capacity . 45 

4.6 Photographs of column sections, SR5, SR2 and SR6, showing varying 
degrees of shear degradation and crack inclination 46 

4.7 Hysteresis loops and peak shear forces for column type specimens 
SR2, SR7 and SR8 with varying axial load demands 49 

VI 



4.8 Photographs of column sections SR2, SR7 and SR8 showing varying 
degrees of shear degradation and crack inclination 50 

4.9 Hysteresis loops and peak shear forces for beam type specimens 
SRI 1 and SRI 2 with varying distributed longitudinal reinforcing steel. . 52 

4.10 Photographs of beam sections SRI 1 and SRI 2 showing varying degrees 
of shear degradation and crack inclination 53 

4.11 Correlation of ATC-6-2 predictions with experimental results for 
specimens SR1-SR6 55 

4.12 Correlation of ATC-6-2 predictions with experimental results for 
specimens SR7 and SR8 56 

4.13 Correlation of ATC-6-2 predictions with experimental results for 
specimens SR9-SR12 57 

4.14 Measured deformations for specimens SR5 and SR6 taken from 
overhead photographs 59 

vii 



INTRODUCTION 

In the past decade, there have been many dramatic examples of how important a 

structure's seismic behaviour is. Earthquakes such as those in Loma Prieta, Northridge 

and Kobe are tragic reminders of how our understanding of structures during seismic 

events needs to be improved. Of the structures which fared poorly during these 

earthquakes, many were reinforced concrete (RC) structures that failed in shear. They 

were designed and constructed before adequate attention was give to earthquake design 

and before adequate seismic design guidelines existed. There was limited knowledge of 

the shear mechanisms present during seismic loading and how they affect the structures 

overall seismic response. Many bridges and buildings were provided with shear 

reinforcement that was inadequate for the large shear forces that were developed during 

the earthquakes. 

Non-seismic shear is a complex area and appropriate provisions are still being 

developed. Seismic shear is an even more complex issue and current seismic shear 

design provisions have only been developed within the last decade. Because many of 

British Columbia's structures were designed and constructed prior to the development of 

the present seismic guidelines, their behaviour during an earthquake needs to be re

examined and some structures will be in desperate need of retrofitting. However, 

retrofitting is very expensive and there is limited resources available to do so. 

Nowhere is this more evident than with the province's bridges. The Ministry of 

Transportation and Highways (M.O.T.H.) has already spent more than $25 million to 

make the province's bridges and tunnels safer in the event of an earthquake. M.O.T.H. 

has prioritized the Province's bridges requiring retrofitting and has a program in place to 

address concerns about inadequate seismic resistance of many of the older structures. It 

is estimated that the Province will need to spend $250 million to retrofit all of the bridges 

and tunnels in areas susceptible to earthquakes (The Vancouver Province, 1998). 
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Although present day seismic design provisions allow engineers to design 

structures with reasonable seismic shear resistance, much more sophisticated analytical 

models are needed to make appropriate decisions regarding retrofit priority. As a result, a 

long-term research program is presently underway at the University of British Columbia 

to develop a rational model for seismic shear design. 

As part of this program, eight specimens representing elements of a small bridge 

column were subjected to reverse cyclic shear by Webster (1995). The tests were the first 

elements tested under reverse cyclic shear using the U B C Element Tester and therefore 

served as pilot tests. Although the tests were significant, some problems were 

encountered. Webster's tests suffered from poor boundary conditions due to substandard 

end conditions at the specimen-loading yoke interface. Additionally, the loading scheme 

used was not very realistic - the specimens were subjected to shear and compression in 

both directions. Comprehensive documentation of the tests was also lacking. Apart from 

the actual test data, the only records of crack patterns and deformations were from 

photographs taken at various stages and angles. 

The main objective of this thesis was to test twelve reinforced concrete specimens 

under well defined loading conditions in order to provide insight into the behaviour of 

structural members subjected to reverse cyclic shear. A secondary objective was to 

develop a scheme to obtain a comprehensive record of crack patterns and deformations. 

A number of parameters were investigated during testing to examine their effect on a 

reinforced concrete member's behaviour during reverse cyclic shear. The influence of 

shear span (the ratio of maximum bending moment to shear), amount of transverse 

reinforcement, axial load (tension and compression), and the presence of distributed 

longitudinal reinforcing steel were investigated. 

The apparatus used to test the structural specimens is described in Chapter Two. 

The element tester used is unique in that different ratios of bending moment to shear can 

be testing without varying the length of the specimen. Some of the significant aspects of 
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the testing apparatus are described, in addition to its capacities and instrumentation. Also 

described in the chapter are the method of construction of the test specimens, their 

physical dimensions and configurations and the material properties of the concrete and 

reinforcing steel used. 

The theoretical background required to make the analytical predictions necessary 

to better understand the experimental results is presented in Chapter Three. The methods 

and assumptions used to predict each specimen's bending moment-curvature response are 

described and the idealized stress-strain relationships used for both concrete and 

reinforcing steel are specified. In addition to each members predicted bending moment-

curvature response, the predicted bending moment-axial load interaction diagram for the 

specimens subjected to axial load is given. With respect to shear, the traditional 45 

degree truss model is discussed as it relates to the definition of the initial shear capacity 

given in the ATC-6-2 provisions. Shear capacities predicted using the traditional 45 

degree truss model are also given and some of the guidelines for the relationship between 

shear and bending are discussed. 

In Chapter Four, some of the parameters affecting a reinforced concrete members 

shear behaviour under reverse cyclic loading are investigated. As previously mentioned, 

the shear span, amount of transverse reinforcement, axial load and the presence of 

distributed longitudinal reinforcing steel are the variables which were examined during 

the course of experimental study. Differences in displacement ductility are highlighted 

and subjective observations are made with respect to photographical histories of crack 

patterns and crack widths of the test specimens. Comparisons are made between the 

predicted and observed responses of the twelve specimens tested and the idea of 

converting measured deformations taken from overhead photographs into average strain 

data is discussed. 
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The final Chapter ends with a summary of conclusions resulting from this 

experimental study. The applicability of the 45 degree truss model to seismic shear 

predictions is discussed based on the comparison of predicted and observed responses for 

the twelve reinforced concrete elements tested. Lastly, recommendations and suggestions 

for areas of possible future work are made. 
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2 . 0 EXPERIMENTAL PROGRAM 

2.1 Testing Apparatus 

As the details of the testing apparatus influenced the configuration of the test 

specimens, these are described first. 

The testing apparatus used for this study was the U B C Beam/Column Element 

Tester (Adebar, 1994). The tester is mounted on the strong floor in the Civi l Engineering 

Structures Laboratory. Its major components are four floor mounts, three hydraulic 

actuators, three rigid links and two loading yokes as illustrated in the plan view (Figure 

2.1) and elevation (Figure 2.2). 

One end of each hydraulic actuator is attached to a large floor mount and the other 

end is fixed to a loading yoke by means of large steel pins. The floor mounts are fixed to 

the strong floor by fine threaded prestressed rods. Only three actuators are required to 

load the specimen as the three rigid links provide the reactions required to satisfy force 

and bending moment equilibrium. 

As is evident in Figure 2.1, the forces are transmitted from the actuators to the 

specimen by loading yokes. Figure 2.3 depicts the loading required to apply transverse 

shear. To do so, the actuator (Al) and rigid link (R6) must provide a force couple that is 

not equal and opposite to the bending moment produced by the actuators at the other end. 

To apply maximum transverse shear, bending moments that are equal in magnitude and 

direction are applied at the two ends of the tester. 

The hydraulic actuators each have a capacity of 1000 kN in compression and 800 

kN in tension. The maximum bending moment that can be applied by the Element Tester 

is 550 kNm and the maximum shear force that can be applied on a 1.5 m long specimen is 

600 kN. The capacity interaction diagrams for the tester for both bending moment and 

shear force are shown together in Figure 2.4. 
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An important characteristic of the U B C Element Tester is its loading versatility. 

Unlike other beam/column testing apparatus in which the specimen's length dictates the 

ratio of bending moment to shear force, referred to as the shear span, the U B C Element 

Tester allows the shear span to be changed without changing the test setup or specimen 

length. The axial load, shear force and bending moment may be varied by changing the 

forces in the actuators thereby altering the loading conditions at the yoke. 

Reaction frame 
' bolted to strong floor 

IOOO kN (225kip) 
actuator 

o 
iO 

f » 

<&>• — 
5 

f O ! 
5 

<n>< 

- Structural concrete 
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•— Rigid link 

<a>'--
• i ro! 

Loading yoke 

Figure 2.1 Plan view of U B C Element Tester (Adebar, 1994). 
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Figure 2.2 Partial elevation of U B C Element Tester (Adebar, 1994). 
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Figure 2.3 Loading conditions to apply transverse shear. 
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Figure 2.4 Tester capacity interaction diagrams (Adebar, 1994). 
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2.2 Test Specimens 

Twelve 1.5 m long reinforced concrete specimens, designated SRI to SRI2, were 

tested as part of this study. The specimens consisted of eight column type elements 

(SR1-SR8) and four beam type elements (SR9-SR12). Two different beam cross-sections 

were used in this study. Three of the beam specimens (SR9-SR11) contained distributed 

steel, while the fourth (SRI 2) did not. A l l of the column sections contained distributed 

steel. Figure 2.5 illustrates the three different cross-sections. A summary of the 

experimental program is given below in Table 2.1. 

Table 2.1 Summary of Experimental Program 

Specimen Section 

Type * 

Longitudinal 

Reinforcement 

Transverse 

Reinforcement 

a = M / V 

(mm) 

N / V 

SRI C 14- 15M 6 mm wire @ 75 mm 1100 0 

SR2 C 14- 15M 6 mm wire @ 75 mm 900 0 

SR3 c 14 - 15M 6 mm wire @ 75 mm 800 0 

SR4 c 14- 15M 6 mm wire @ 75 mm 725 0 

SR5 c 14- 15M 6 mm wire @ 50 mm 900 0 

SR6 c 14- 15M 6 mm wire @ 100 mm 900 0 

SR7 c 14- 15M 6 mm wire @ 75 mm 900 1.0 

SR8 c 14- 15M 6 mm wire @ 75 mm 900 1.5 

SR9 BI 6 - 15M 

8- 10M 

None 1620 0 

SR10 BI 6- 15M 

8- 10M 

None 1335 0 

SR11 BI 6 - 15M 

8- 10M 

None 1900 0 

SR12 B2 10- 15M None 1900 0 

* See Figure 2.5 
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The cross-sectional details of the eight column sections are shown in Figure 2.5 

(top). The exterior concrete dimensions of the column sections were 400 mm x 400 mm. 

The longitudinal steel in these sections consisted of five 15M reinforcing bars on each 

flexural face as well as two 15M reinforcing bars per side acting as distributed steel. The 

clear cover to all longitudinal reinforcing steel was 20 mm. 

The exterior concrete dimensions of all four beam sections were 350 mm x 465 

mm. Specimens SR9-SR11 had three 15M bars and two 10M bars, alternating, on each 

of the two flexural faces, as well as two 10M distributed bars per side (Figure 2.5, 

middle). Specimen SRI2 had five 15M bars on each flexural face (Figure 2.5, bottom). 

The two different reinforcing bar arrangements were chosen such that specimens SRI 1 

and SR12 would have very similar flexural capacities even though the distribution of the 

reinforcement was very different. The clear cover to all longitudinal reinforcing steel was 

20 mm on all of the beam sections as well. 

A l l of the column sections (SR1-SR8) contained 6 mm diameter deformed wire 

stirrups arranged as three legs as shown in Figure 2.5. Specimens SR1-SR4, SR7 and 

SR8 all had transverse reinforcement spaced at 75 mm, while specimens SR5 and SR6 

had transverse reinforcement spaced at 50 mm and 100 mm, respectively. No transverse 

reinforcement was provided in any of the four beam specimens. 

A l l of the longitudinal reinforcement was welded to 25 mm thick endplates that 

were bolted to the tester. To increase the shear transfer from the endplates into the 

concrete, shear "studs" made of approximately 100 mm long pieces of 15M reinforcing 

bar were welded to the endplates. Additionally, the end of each specimen was enlarged to 

force the critical flexural region, or plastic hinge zone, away from the connection. The 

details of the specimens' boundary conditions are shown in Figure 2.6 
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Figure 2.6 Specimen boundary conditions. 

2.3 Construction of Specimens 

The specimens were connected to the tester by fastening the pre-drilled 25 mm 

thick steel endplates of each specimen to the loading yokes with 19 mm (J) x 100 mm long 

bolts. For specimens SR1-SR6, the bolts were welded with the head of the bolt on the 

concrete side of the drilled plates. During the construction of specimens SR7-SR12, the 

connection was reversed and the nuts were welded to the concrete side of the drilled 

plates instead. This allowed for simpler fastening of each specimen to the element tester. 

As mentioned previously, all of the longitudinal reinforcement was welded 

directly to the endplates. The required transverse reinforcing for each column type 

section was added to the specimen before the longitudinal steel was welded to the 

remaining endplate. Once the longitudinal steel was welded to both endplates, any 

transverse reinforcement was tied. 
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The specimens were cast as two series. The first series (SR1-SR6) was cast on 

July 14, 1993 and the second set (SR7-SR12) was cast in August, 1994. Construction of 

the forms for each series was achieved using 50 x 150 and 50 x 100 dimensional lumber 

and 19 mm plywood. Their configuration is shown in Figure 2.7. The endplates of the 

specimens served as bulkheads during casting. Where possible, specimens were cast 

simultaneously and side by side in order to self-equilibrate the lateral hydrostatic pressure 

of the concrete pour. Once the specimens were finished, they were covered with a 

polypropylene sheet and left to cure for 3 days. The forms were then removed and the 

specimens were cured in open air in the Structures Laboratory. Additionally, a total of 

eighteen concrete cylinders were cast from the same concrete as the specimens. 

Figure 2.7 Photograph illustrating formwork. 
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2.4 Material Properties 

A l l of the reinforcement, with the exception of the transverse reinforcement, was 

grade G30.16 weldable steel. The transverse reinforcement was 6 mm diameter deformed 

wire, annealed to achieve a more pronounced yield plateau. The stress-strain curves from 

tensile tests done on the 10M and 15M reinforcing bars as well as the 6 mm deformed 

annealed wire are shown in Figures 2.8 and 2.9. The properties of the three different 

reinforcing steels used for Series 1 (SR1-SR6) and Series 2 (SR7-SR12) are summarized 

in Table 2.2. 

Table 2.2 Summary of steel properties. 

Series 1 (SR1-SR6) 
Type of Steel Measured Yield Nominal Area Yield Strength, f y 

F y (kN) (mm2) (MPa) 
10 M 46.0 100 460 
15 M 96.4 200 482 
6 mm Annealed Wire 7.9 32 246 

Series2(SR7-SR12) 
Type of Steel Measured Yield Nominal Area Yield Strength, f y 

F y (kN) (mm2) (MPa) 
10 M 44.8 100 448 
15M 91.8 200 459 
6 mm Annealed Wire 6.4 32 200 
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Figure 2.8 Stress-strain response of reinforcing steel used in specimens SR1-SR6. 
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Figure 2.9 Stress-strain response of reinforcing steel used in specimens SR7-SR12. 
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The concrete used for both Series 1 and Series 2 was ordered from a local ready-

mix supplier. As a compressive strength of 30 MPa was desired, the strength specified to 

the supplier was 25 MPa. Compressive tests and tensile splitting tests were performed 

and the resulting strengths are summarized in Table 2.3. 

Table 2.3 Summary of concrete strengths. 
Series 1 (SR1-SR6) 

Date Tested Measured Strengths Estimated Tensile Strength 
(D,M,Y) (MPa) (MPa) 

(Age in Days) f ' 1 c 4p 0.65 f s p 0-33 Jf\ 
19/08/93 (36) 29.5 - - 1.79 
19/08/93 (36) 29.6 - - 1.80 
19/08/93 (36) 29.0 - - 1.78 
19/08/93 (36) - 2.6 1.69 -

Average 29.4 2.6 1.69 1.79 
25/08/93 (42) 30.5 - - 1.82 
25/08/93 (42) 30.3 - - 1.82 
25/08/93 (42) 29.3 - - 1.79 
25/08/93 (42) - 2.6 1.69 -
25/08/93 (42) - 2.5 1.63 -
25/08/93 (42) - 2.5 1.63 -

Average 30.0 2.5 1.65 1.81 

Series2(SR7-SR12) 
Date Tested Measured Strengths Estimated Tensile Strength 

(D,M,Y) (MPa) (MPa) 
1 c fsp 0.65 f s p 0.33 VT ; 

27/09/94 31.1 - - 1.84 
27/09/94 31.2 - - 1.84 
27/09/94 30.4 - - 1.82 
Average 24.9 - - 1.83 
17/11/94 32.8 - - 1.89 
17/11/94 33.7 - - 1.92 
17/11/94 33.2 - - 1.90 
17/11/94 - 3.4 2.21 -
17/11/94 - 3.1 2.02 -
Average 33.2 3.3 2.12 1.90 
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2.5 Instrumentation and Testing Procedure 

The three hydraulic actuators were controlled by a Hydraulic Load Challenger 

which is a multiple pressure hydraulic load maintainer made by Edison Systems. It 

utilizes a cantilevered weight system and proportional valves to vary the pressure in 

different channels. The pressure in the jacks and the load in each rigid link were 

accurately measured with pressure transducers and strain gauges, respectively. To collect 

the signals from the transducers and strain gauges, a multi-channelled 

amplification/power supply unit was used. 

Displacements were measured using two L V D T displacement transducers; one for 

axial displacement and the other for transverse displacement. A linear tracking system 

mounted on a rigid aluminum arm developed by Webster (1995) was attached to the 

endplate of the specimen to provide support for the displacement transducers. 

Where possible, displacements in both directions were taken from the inflection 

point of the specimen. This was accomplished by attaching the transverse displacement 

transducer to a small steel pin connector affixed to the specimen with epoxy. This 

configuration is shown schematically in Figure 2.10 and in the accompanying photograph 

(Figure 2.11). Specimens with shear spans that exceeded the length of the aluminum 

rigid arm necessitated measuring axial and transverse displacements at locations other 

than their inflection points. Axial and transverse displacements for these specimens were 

measured a distance of 900 mm from the critical section, see Table 2.4. 

Eight data acquisition channels were required; three for the actuators, three for the 

rigid links and two for the displacement transducers. The signals were sent to a P C 

equipped with a standard analog to digital board and a data acquisition program. 

"Labtech Notebook" software was used to collect and plot the data from the eight 

channels. 

The same procedure was used to test all of the specimens without axial load (SR1-

SR6 and SR9-SR12). The specimens were first loaded to 75% of the predicted shear 
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associated with yielding of the flexural reinforcement. The load was then reversed and 

the same was done in the opposite direction. This was repeated for three cycles and based 

on the measured "elastic" displacements, a "yield displacement" could then be determined 

once the yield load was known. Subsequent cycles were then performed in pseudo-

displacement control (control was achieved by manually adjusting the load based on the 

observed displacements) corresponding to the desired displacement ductilities. 

The two specimens tested with axial load, SR7 and SR8, were tested only in 

pseudo-displacement control. Because the specimens were subjected to axial 

compression in one shear direction, and axial tension in the other shear direction, the 

strength and stiffness exhibited by each specimen was quite different depending on the 

direction of loading. To avoid using two different yield displacements for each specimen 

and to better represent the loading that would occur in a member that is part of a 

structure, displacement increments of 5 mm were used. In all cases, displacement control 

was accomplished indirectly by adjusting the load control device depending on the 

observed displacements. 

Cracks were marked until the peak load of each cycle was reached. For clarity, a 

different colour was used to mark cracks in the two different loading directions. An 

overhead photograph was taken by remote control from a camera mounted on the testing 

frame. This was done at the peak load of every cycle at each ductility level for every 

specimen. A grid was drawn on each specimen prior to any loading to facilitate 

measuring deformations at a number of points on the specimens. In this manner, a 

photographical history of cracking and displacement was recorded for each specimen. 

18 



BENDING MOMENT DIAGRAM 

Figure 2.10 L VDT displacement transducer setup. 



Table 2.4 Specimen shear spans and location of L V D T displacement transducers 

Specimen Shear span 
a = MTV, (mm) 

Location, L 
(mm) 

SRI 1100 1100 

SR2 900 900 
SR3 800 800 

SR4 725 725 

SR5 900 900 

SR6 900 900 

SR7 900 900 

SR8 900 900 

SR9 1620 900 

SR10 1335 900 

SR11 1900 900 

SRI 2 1900 900 

20 



3 . 0 T H E O R E T I C A L B A C K G R O U N D 

3.1 Introduction 

This Chapter outlines the theoretical background necessary to make predictions of 

the flexural and shear capacities of the twelve reinforced concrete specimens tested. Such 

predictions are instrumental in allowing the experimental data to be more fully 

understood. A computer program written by the author to calculate the complete bending 

moment-curvature response of reinforced concrete members will be discussed, along 

with the Simplified Method of shear design. This model is traditionally used to calculate 

the monotonic shear resistance of a member. The Applied Technology Council have 

extended this model to address the degradation of shear strength under cyclic loading 

with increased ductility demand in ATC-6-2 Seismic Retrofitting Guidelines for Highway 

Bridges. The influence of flexural ductility will be discussed with respect to these 

guidelines, in addition to the shear associated with flexural yielding. 

3.2 Flexural Capacity 

When calculating the flexural strength of a slender reinforced concrete member, 

the main assumption is that plane sections remain plane. That is, the members are 

assumed to have a linearly varying uniaxial strain distribution. Design engineers often 

make a further assumption that the maximum compressive strain at the compression face 

is equal to -0.003 at failure. Although the concrete compressive stress distribution is non

linear, an equivalent uniform stress distribution is used to simplify calculations. In 

general, the depth to the neutral axis that satisfies axial force equilibrium must be 

determined iteratively unless all of the reinforcement yields. Although this is a simple 

and reasonably accurate estimate of the flexural strength of a lightly-reinforced member, 

a more fundamental approach was used to calculate the complete bending moment-

curvature response. 
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For this study, the flexural capacities of the three different cross-section types C, 

B l and B2 (see Figure 2.5) were found using a program that predicts the complete 

response of elements subjected to linearly varying uniaxial strain. The stress-strain 

relationships used are idealized as parabolic for concrete in compression and bilinear for 

steel reinforcement (Collins & Mitchell, 1987), as illustrated in Figure 3.1. The 

compressive strength of the concrete and the yield strength of the reinforcing steel were 

measured and included as input to the program. They are summarized in Table 2.2 and 

2.3. Since the stresses and strains vary over the depth of a member in flexure, the 

sections are discretized into a series of layers. The strain in each layer is assumed to be 

constant and equal to the actual strain at the centre of the layer. The material type for 

every layer, in addition to its area and distance to the gross concrete centroid are required 

input to the program. The resulting bending moment-curvature responses for section 

types C, B l and B2 are shown in Figure 3.2. 

The bending moment-axial load interaction diagram was also required for the two 

specimens, SR7 and SR8, that were tested with applied axial loads. To develop the 

bending moment-axial load interaction diagram for SR7 and SR8, the plane sections 

program previously described was used. For all flexural calculations, the bending 

moments were taken about the centroid of the gross concrete section. The flexural 

capacity for a given axial load was identified as the peak of the bending moment-

curvature response. The member's response was calculated for various axial load levels 

to generate the bending moment-axial load interaction shown in Figure 3.3. 
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Figure 3.1 Idealized stress-strain relationships for concrete and steel. 
(Collins & Mitchell, 1987) 
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Specimens SR1-SR8 
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Figure 3.3 Bending moment-axial load interaction diagram for Type C Sections 
(Specimens SRI to SR8). 
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3.3 Shear Capacity 

Shear can limit the ductility of a reinforced concrete member and may cause a 

member to fail prematurely before its flexural capacity is reached. This will occur if the 

shear demand on a member exceeds its shear capacity. Many different models are 

available to predict the shear capacity of a reinforced concrete member. 

In this study, the traditional " V s + V c " approach was used. This approach has 

been extended to treat the influence of flexural ductility in the ATC-6-2 guidelines. 

3.3.1 Initial Shear Capacity 

The traditional " V s + V c " approach, or Simplified Method, is used extensively by 

design engineers and forms the basis for the initial shear capacity referred to in the ATC-

6-2 Code Criteria. It is also included in the ACI Building Code and the Canadian 

Concrete Code. This method uses a 45 degree truss model to account for the contribution 

from the stirrups (transverse reinforcement) to the shear resistance. For simplicity, the 

shear depth d v is usually approximated as the flexural depth d. 

K = AJy^ 
s 

The tensile stresses in the concrete are neglected in the 45 degree truss model 

resulting in an overly conservative prediction. To correct for this, a concrete 

contribution, V c , equal to the shear required to cause diagonal cracking is added. For 

members that have a reasonable amount of longitudinal reinforcement, are not subjected 

to axial load, and have either minimum transverse reinforcement or are not large enough 

to be significantly influenced by size effect, a simple lower bound for the concrete 

contribution is given by: 

(psi units) 

(MPa units) 
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As one would expect, the shear resistance of concrete is also affected when the 

concrete is subjected to tension and compression. The ACI 318 equations define the 

concrete's contribution to shear resistance as follows: 

Tension V= 2 1 + -
Nu 

V 500AgJ 
f 

K =0.17 
Nu 

fc'bj 

\ 
1 + 

^ 3A5AgJ 

(psi units) 

(MPa units) 

Compression Vc = 2 Nu 1 + 
v 2000̂; 

F =0.17 1 + Nu 
V 13.8^g, 

f e ' b j i 

f c ' b j 

(psi units) 

(MPa units) 

Figure 3.4 shows these two curves for the two specimens tested under axial load, 

specimens SR7 and SR8. Specimen SR7 was tested with an N/V ratio of 1.0 and SR8 

was tested with an N/V ratio of 1.5. Both of these lines are shown in the figure and the 

concrete's contribution to shear resistance under tension and compression for each of the 

specimens is represented by the intersection of these lines. Table 3.1 summarizes the 

predicted shear capacities of the twelve test specimens. The actual physical and material 

properties for each specimen were used to calculate these capacities, with the exception 

of the compressive strength of the concrete. For simplicity, an average compressive 

strength of 30 MPa was used for all of the specimens. 
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Axial Load (kN) 

Figure 3.4 Predicted shear capacities for Specimens SR7 and SR8. 

Table 3.1 Initial shear capacities of all specimens 

Specimens V c , ( k N ) V s , ( k N ) V r , ( k N ) 

SR1-SR4 136.3 115.2 251.5 

SR5 136.3 172.9 309.2 

SR6 136.3 86.4 222.7 

SR7 151.5 (C) 

90.7 (T) 

93.7 245.2 (C) 

184.4 (T) 

SR8 159.8 (C) 

74.1 (T) 

93.7 253.5 (C) 

167.8 (T) 

SR9-SR12 142.4 - 142.4 
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It should be noted that for tests performed with shear span to effective depth 

ratios, a/d, less than about 2.5, traditional loading arrangements result in considerable 

shear strength increase due to the formation of a direct strut mechanism. This effect is 

largely reduced when specimens are tested with the U B C Element Tester, as shown 

below in Figure 3.5. 

Figure 3.5 Influence of a/d ratio on shear strength of members for both traditional and 
UBC Element Testers (Adebar, 1994) 
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3.3.2 The ATC-6-2 Seismic Shear Model 

The Applied Technology Council has set out guidelines for the shear resistance of 

RC columns subjected to seismic loading. In these recommendations, a member's shear 

resistance degrades with increasing inelastic displacements or ductility. The three cases 

of shear strength degradation identified are shown in Figure 3.6. 

In this model, the shear capacity of the section is found using the ACI shear 

equations and degrades from the initial shear capacity, Vj (c), of the undamaged member 

to a final or residual shear capacity, V f (c), at u=5. The initial shear resistance is found 

using the " V s + V c " approach described earlier and the final shear resistance includes 

"only the resistance of the effectively anchored transverse steel" (ATC-6-2, 1983). 

The shear demand, V u (d), is defined as "the maximum column shear force 

resulting from plastic hinging at both the top and bottom of the column due to yielding in 

the column ... or due to an anchorage or splice failure in the column, whichever occurs 

first" (ATC-6-2, 1983). Once a ductility of 1.0 is reached, the shear demand is assumed 

constant. 

From Figure 3.7, the shear force, V, is equal to the bending moment, M l , divided 

by the distance from the inflection point to the location of M l at the critical flexural 

section. This distance is referred to as the shear span, a. The shear demands for 

specimens SRI-6 and SR9-12 were therefore found by dividing the member's calculated 

flexural capacity by the ratio of bending moment to shear that they were tested at. The 

shear demands of the two members subjected to axial load, SR7 and SR8, were found by 

converting the axial load-bending moment interaction diagram to an axial force-shear 

force diagram and interpolating for the values corresponding to N/V ratios of 1.0 and 1.5, 

respectively, as shown in Figure 3.8. 

Three distinct cases are described in the ATC-6-2 guidelines. Case A in Figure 

3.6 occurs when the shear force required to cause plastic hinging is greater than the initial 
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shear strength of the member. Members in this category are expected to have brittle shear 

failures when the initial shear capacity is exceeded. 

Although Case B members possess adequate initial shear resistance to resist the 

shear associated with plastic hinging, flexural yielding causes degradation of the 

member's shear strength such that its final shear resistance is not adequate. Failure will 

occur when the shear demand exceeds the degraded shear strength. This is the type of 

member which is of particular interest in this research program. 

Case C refers to situations where failure is not expected due to shear. The shear 

demand in this situation is less than the final shear resistance of the member. 

Table 3.2, shown below, summarizes the initial and final shear capacities of each 

specimen as well as their shear demands. 

Table 3.2 Shear capacities and demands for each specimen 

Specimen V i ( c ) V f ( 0 Vu(d) ATC-6-2 
Classification 

SRI 251.5 115.2 213.8 CaseB 
SR2 251.5 115.2 261.3 Case A 
SR3 251.5 115.2 294.0 Case A 
SR4 251.5 115.2 324.4 Case A 
SR5 309.2 172.9 261.3 CaseB 
SR6 222.7 86.4 261.3 Case A 

SR7 245.2 (C) 
184.4 (T) 

93.7 310.8(C) 
220.2 (T) 

Case A 

SR8 253.5 (C) 
167.8 (T) 

93.7 336.2 (C) 
203.3 (T) 

Case A 

SR9 142.4 0 116.5 CaseB 

SR10 142.4 0 141.3 CaseB 

SR11 142.4 0 99.3 CaseB 

SR12 142.4 0 99.3 CaseB 
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Figure 3.6 ATC-6-2 model showing the resolution of shear demand and capacity. 
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4.0 DISCUSSION OF TEST RESULTS 

4.1 Introduction 

Summaries of each of the test results are presented in the appendix, including a 

description of what happened during the test, a brief description of each test specimen, 

and the hysteretic responses for each specimen for both transverse and axial 

displacements. A summary of all of the forces in the actuators and rigid links at peak 

shear forces is also included. 

In this study, several parameters were varied to investigate the shear strength 

degradation associated with increased ductility demand. These parameters were the shear 

span, amount of transverse reinforcement, axial load level, and presence of distributed 

reinforcement. A l l of these parameters will be discussed in this chapter and comparisons 

of the predicted and observed responses will be made. Additionally, the measured 

deformations recorded during testing will be presented and their possible uses will be 

discussed. 

4.2 Influence of Shear Span 

As explained in Chapter 3, the shear span dictates the shear force level associated 

with the formation of a plastic hinge. The influence of shear span was examined by 

testing four identical column elements (SR1-SR4) at shear spans of 1100 mm, 900 mm, 

800 mm and 725 mm, which corresponds to shear span to effective depth ratios (a/d) of 

approximately 3.0, 2.4, 2.2 and 1.9, respectively. Three beam sections (SR9-SR11) were 

also tested with varying shear spans. Transverse reinforcement was not provided in any 

of the beam sections. They were tested at shear spans of 1900 mm, 1620 mm and 1335 

mm, corresponding to a/d ratios of 4.3, 3.7 and 3.0, respectively. 
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Figure 4.1 and Figure 4.2 show the hysteresis curves for the column and beam 

sections. The shear forces associated with flexural yielding of these specimens are 

indicated as dashed lines in these figures. Overhead photographs of the column and beam 

specimens are also shown in Figures 4.3 and 4.4, respectively. As these photographs are 

taken at similar ductility levels, comparisons of the extent of crack damage and amount of 

flexural hinging can be made between the different specimens. A description of the 

behaviour of the column sections is given in Section 4.2.1 and for the beam sections in 

Section 4.2.2. 

4.2.1 Column Sections 

The longest shear span used was for Specimen SRI which was tested at a shear 

span of 1100 mm. The hysteresis curve clearly shows that the shear force associated with 

flexural yielding of 213.8 kN was easily reached. Also, the distinctive yield plateau and 

full hysteresis curve exhibited by this specimen suggest significant flexural ductility. 

Shear strength degradation did not occur until a displacement ductility of 4 was reached. 

The photograph in Figure 4.3 confirms the flexurally dominated behaviour of Specimen 

SRI. Although many flexure-shear cracks are evident, crack widths are minimal with the 

largest being approximately 1.5 mm at an inclination of 30 degrees. Apparent in the 

photograph is the fact that the shear degradation of Specimen SRI is much less severe 

than specimens SR2-SR4. 

Due to the flexurally dominated response of Specimen SRI, the shear span of 

Specimen SR2 was decreased to 900 mm. Although Specimen SR2 was less flexurally 

dominated than SRI, it did reach the shear associated with flexural yielding. However, 

shear degradation occurred shortly thereafter along with considerable pinching of the 

hysteresis curve. The diagonal shear cracks of Specimen SR2 are much more extensive. 

The photograph in Figure 4.3 shows the concentration of diagonal cracks in the critical 

flexural region where the ratio of bending moment to shear is highest. In this region, the 
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widest diagonal crack measured 4 mm wide and crack inclinations ranged between 30 and 

50 degrees. 

The length of the shear span was again decreased for specimen SR3. A shear span 

of 800 mm was used and despite a sudden increase in transverse displacement of 13.8 

mm corresponding to a displacement ductility of 2.5, Specimen SR3 did not reach the 

shear force of 294 kN associated with flexural yielding of the longitudinal reinforcement. 

The sudden increase was most likely due to the extension of a large diagonal shear crack 

approximately 700 mm from the critical flexural region (i.e. at the interface with the 

built-up section). The largest recorded shear force for this specimen was 262 kN which 

was accompanied by rapid shear degradation and a relatively brittle shear failure at a 

displacement ductility of 4. A very wide diagonal shear crack of approximately 5 mm is 

evident in the photograph of Figure 4.3 and shear damage for SR3 is more widespread 

than specimens SRI and SR2. 

The shortest shear span used was 725 mm for specimen SR4. The maximum 

shear force observed during the testing of this specimen was the largest of the four 

specimens. As with Specimen SR3, the shear associated with flexural yielding of this 

specimen was not reached. The pinched hysteretic response and degradation of this 

specimen indicate the shear dominated nature of the test. The overhead photograph again 

shows the extensive diagonal shear cracking which occurred in Specimen SR4, with the 

widest and most extensive cracks occurring where the ratio of bending moment to shear is 

highest. 

4.2.2 Beam Sections 

Since Specimen SRI 1 contained no transverse reinforcement, it was tested using a 

very long shear span of 1900 mm to prevent a brittle shear failure from occurring prior to 

the yielding of the flexural reinforcement. A distinct yield plateau is evident in Figure 

4.2 which suggests that yielding of the flexural reinforcement did indeed occur. This load 
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was maintained for the duration of the test until a brittle shear failure occurred at a 

displacement ductility of 4. The failure occurred as bond splitting present on each 

flexural side of the specimen coincided with a large diagonal shear crack. For this reason 

and the inherent variability of brittle materials, the failure was perhaps somewhat 

premature. The photograph shown in Figure 4.4 shows a series of steep, evenly spaced 

flexure-shear cracks, with the widest being approximately 1 mm. 

Specimen SR9 was tested using a shear span length of 1620 mm. Once again, 

Figure 4.2 illustrates that yielding of the flexural reinforcement did occur as evidenced by 

the distinctive yield plateau. The hysteresis curve of Specimen SR9 was somewhat more 

pinched than Specimen SRI 1 and the crack inclinations were, for the most part, steeper. 

Some shear degradation is apparent in the hysteresis curve following a displacement 

ductility of 3. A brittle shear failure occurred shortly after, at the first cycle of 

displacement ductility five. The overhead photograph of Specimen SR9 shows a crack 

pattern which is very similar to that of SRI 1. Once again, the diagonal cracks are fairly 

steep with the widest crack measuring about 2 mm near the critical flexural section where 

the ratio of bending moment to shear is highest. 

The highest shear demand of the beam sections was present during the testing of 

Specimen SR10 which was tested with a shear span of 1335 mm. Although the specimen 

did reach the shear of 141 kN associated with yielding of the flexural reinforcement, a 

brittle shear failure occurred. The failure occurred at a displacement ductility of 1.5 

during the second cycle of loading in the B direction. It is shown in the overhead 

photograph in Figure 4.4. It is apparent from the photograph that the failure occurred 

when a large diagonal shear crack coincided with bond splitting along the tension and 

compression steel. 

It is evident that the increased shear demand has a definite effect on the behaviour 

of the specimen. Flexural ductility is limited when the shear demand is high and a much 
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more brittle response results. Energy dissipation is also limited as the hysteresis curves 

become more pinched with additional shear loading. It is also evident from the 

photographs shown in Figure 4.3 and Figure 4.4 that the crack inclinations are reduced 

and the specimens become less flexurally dominated as the shear span is decreased. 

38 



-30 -15 0 15 

Transverse Displacement (mm! 

-30 -15 O IS 30 

Transverse Displacement (mm) 

300 Specimen S R 3 
<M/V = 0.8 m. s = 3"l 

200 

too 

0 

-100 

-200 

-3O0 
-15 0 15 30 

Transverse Displacement (mm) 

3 ^ Specimen S R 4 

(M/V=0.72S m. s = 3") 
200 

324.4 kN 

Transverse Displacement (mml 

Ueforraatioa Ductility 
0.7S 1.5 1.0 3.0 4.0 5.0 6.01 

Cycle 
1A 159.1 205.0 211.0 218.0 214.0 163.0 138.0 
2A 16IJ 195.0 202.0 209.0 173.0 130.0 65.0 
3A 160.3 194.0 195.0 200.0 149.0 103.0 54.0 

IB 159.9 197.0 199.0 207.0 Sec' 137.0 105.0 
2B 161.1 185.0 193.0 197.0 128.0 121.0 76.0 
3B 158.3 184.0 194.0 191.0 121.0 105.0 . 73.0 

* Excessive deformation (o 4 1.7 nun 

* Excessive deformation (o 13.8 nun 
** Apparent failure a( 191 kN 

4:SbeVr£ 
?(lcN)8 

Deformation Ductility 1 4:SbeVr£ 
?(lcN)8 0.75 1.5 2.0 3.0 4.0 5.0 6.0| 
Cycle j 
1A 194.0 258.0 248.0 240.0 197.0 166.0 
2A 194.0 243.0 232.0 194.0 156.0 125.0 1 3A 194.0 230.0 216.0 171.0 136.0 107.0 

IB 194.2 228.0 229.0 220.0 198.0 161.0 
2B 194.1 222.0 215.0 196.0 158.0 126.0 
3B 194.0 215.0 204.0 178 0 139.0 106.0 1 

Deformation Ductility 
0.75 1.5 2.5 3.0 4.0 5.0 6.0 

Cycle 
IA 218.0 Sec * 262.3 204.0 
2A 218.0 222.4 165.0 
3A 218.0 187.2 145.0 

IB 218.0 256.6 216.0 See** 
2B 218.0 229.5 196.0 
3B 218.0 209.0 185.0 

!SKeac£ 
8(i-N);i 

Deformation Ductility | !SKeac£ 
8(i-N);i 0.75 1.5 2.0 3.0 4.0 5.0 6.0| 
Cycle 1 
IA 241.0 292.0 266.0 256.0 238.0 203.0 
2A 241.0 264.0 233.0 216.0 195.0 129.0 
3A 241.0 238.0 214.0 195.0 167.0 120.0 

IB 241.0 291.0 241.0 237.0 210.0 209.0 
2B 241.0 233.0 200.0 182.0 176.0 166.0 
3B 241.0 212.0 173.0 173.0 157.0 149.0 

Figure 4.1 Hysteresis curves and peak shear forces for column type specimens SR1-
SR4 with varying shear demand 

39 



z 

ISO 

TOO 

SO 

Specimen SR11 
( M A / =1.9 <n| 99.3 kN 

V <> 

-SO 

- t o o — L £ - ^ z -

- t s o 
-20 -10 0 10 20 

Transve r sa Disp lacement ( m m l 

t s o Specimen SR9 
116 .S kN 

( M / V = 1.620 m) — • -— 100 

s o 
Z 

« 
in -50 

- t o o 

-ISO 
-20 - i s - to -s 0 s 10 t s 20 

Transverse Disp lacement (mm) 

- I S O 1 

-20 - to 0 10 20 

Transverse Disp lacement (mm) 

Deformat ion Duc t i l i t y ] 

0.75 t.5 2.0 3.0 4.0 S.0 
L *3 

Cyc le 

1A 74.6 94.4 96.1 102.5 102.7 
2A 74.5 88.1 95.6 99.8 
3A 75.9 89.1 95.8 98.6 

IB 74.6 89.9 94J 98.6 S e e * 
2B 74.5 88.2 92.9 93.9 
3B 74.5 87.5 94.1 9 3 J 

* Shear M u n : at 96.7 kN 

Deformat ion Duct i l i ty j 

0.67 t-S 2.0 3.0 4.0 5.0 6.0 
C y d e 

2.0 

IA 7 8 J 110.4 1103 116.1 99.6 S e c * 
2A 7 8 J 109.8 106.0 953 
3A 78.4 108.4 109J2 109.1 883 

IB 78J 107.8 113J 115.5 113.7 
2B 78.2 105.9 111.3 113.6 103.7 
3B 78.4 105.1 110.0 113.1 983 

* Shear failure at 69 kN 

Deformat ion Duct i l i ty 1 

0.75 1.5 2.0 3.0 4.0 5.0 «.0| 

C y d e 

IA 105.9 •1373 
2A 105.9 120.7 
3A 105.9 

IB 105.8 123.4 
2B 105.9 See " 
3B 105.8 

* Excessive Deforcnatioa to 6.2 mm 

• * Shear failure at 108 kN 

Figure 4.2 Hysteresis curves and peak shear forces for beam type specimens SR9-
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4.3 Influence of Stirrup Spacing 

The influence of shear resistance was also investigated by testing three reinforced 

concrete members which were identical in every aspect except transverse reinforcement 

spacing. Specimens SR5, SR2 and SR6 were all tested at a shear span of 900 mm which 

resulted in the shear associated with flexural yielding for all three being 261 kN. 

However, to study the influence of varying shear resistance, the transverse reinforcement 

for specimens SR5, SR2 and SR6 was spaced at 50 mm, 75 mm and 100 mm, 

respectively. 

Specimen SR5 had the most transverse reinforcement of all three specimens. 

Figure 4.5 shows that the shear required to cause flexural yielding was clearly reached 

and that this shear load was maintained until a displacement ductility of 5. Appreciable 

shear degradation was not evident until U.A = 6, confirming the flexurally ductile 

behaviour expected from this specimen. The overhead photograph taken at a 

displacement ductility of 3 (see Figure 4.6) shows that the specimen exhibited good crack 

control as cracks were extensive but not wide. 

Transverse reinforcement was spaced at 75 mm for Specimen SR2. This 

specimen also reached the shear associated with yielding of the flexural reinforcement but 

degraded quickly after U-A =1.5 was reached. The hysteresis curve of Specimen SR2 is 

also much more pinched and shows significantly more shear degradation than that of 

SR5. This is also evident in the photographs in Figure 4.6. 

Specimen SR6 was provided with transverse reinforcement spaced at 100 mm and 

therefore had the least shear resistance of the three column sections mentioned. As can 

be seen from the hysteresis curve in Figure 4.5, SR6 showed much greater shear 

degradation and did not reach the level of shear required to yield the flexural 

reinforcement. The hysteresis curve is also much more pinched than both SR2 and SR5. 

Clearly visible in the photograph of Specimen SR6 in Figure 4.6 is a 6 mm wide diagonal 

shear crack inclined at approximately 25 degrees. 
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The results of these three tests confirm that the ratio of shear demand to shear 

resistance of a member greatly influences the shear degradation which occurs with 

increased ductility demand. Decreasing the ratio of shear demand to shear resistance also 

decreases the amount of shear degradation due to improved crack control. This leads to 

improved ductility and an increase in a member's overall ability to dissipate energy. 
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Figure 4.5 Hysteresis Loops and peak shear forces for column type specimens SR2, 
SR5 and SR6 with different shear capacity 
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Figure 4.6 Photographs of column sections, SR5, SR2 & SR6, showing varying 
degrees of shear degradation and crack inclination. 
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4.4 Influence of Axial Load 

To study how axial load influences the amount of shear degradation a member 

undergoes and how its flexural ductility is affected, three identical specimens were tested 

at the same shear span but with different levels of axial load. Specimen SR2 had no axial 

load, while Specimens SR8 and SR7 had axial load to shear force ratios, N/V, of 1.5 and 

1.0, respectively. The two specimens subjected to axial load were loaded in bending, 

shear and compression in the A direction and bending, shear and tension in the B 

direction, as indicated in Figure 4.7. This was done to simulate the lateral loading on a 

column of a bridge bent with small dead loads. 

Unfortunately, Specimen SR7 failed prematurely due to a weld fracture at the 

connection between one of the corner longitudinal reinforcing bars and the endplate. 

Once the load was relieved, the fractured connection was welded and loading was 

continued. However, another connection fractured shortly after loading commenced and 

testing of the specimen was aborted. 

Specimen SR8 exhibited a much higher shear capacity during the compression 

cycle than the specimen without any axial load (Specimen SR2). Conversely, much 

lower shear forces were resisted during the tension cycle than SR2. Although Specimen 

SR2 did reach the shear required to yield the longitudinal reinforcement, shear 

degradation followed soon thereafter whereas Specimen SR8 exceeded this shear in the 

compression cycle and did not show a significant degradation in shear strength until a 

transverse displacement of 20 mm was reached. There was also little shear strength 

degradation apparent during the tension cycles. 

The hysteretic response for Specimen SR8 is also not nearly as pinched as that of 

SR2. The hysteresis curve is much more full which suggests greater flexural ductility in 

the specimen with axial load. The photographs in Figure 4.8 show that the crack angles 

change with the addition of axial load. The crack angles in the specimen without axial 

load (SR2) ranged between 30 and 50 degrees. Crack inclinations increased to about 60 
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degrees with the addition of axial tension and decreased to approximately 25 degrees in 

the compression cycles. 

From the results of the tests performed with axial load, it is apparent that the 

addition of axial compression and tension does have a significant effect on a member's 

shear response as the ductility is increased. The addition of axial compression increases 

the shear capacity of the section and reduces crack angles whereas axial tension causes an 

increase in crack angles and reduces a member's shear capacity. The hysteresis curves of 

the specimens with axial load are much less pinched than the specimen with no axial load 

which indicates that the member's ability to dissipate energy is also improved. This is 

true despite the reduction in ductility that would be predicted with traditional shear design 

rules for a member in axial tension. 
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Figure 4.7 Hysteresis Loops and peak shear forces for column type specimens SR2, 
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4.5 Influence of Distributed Reinforcement 

Also investigated in this study was the effect that the presence of distributed 

reinforcement had on a member's behaviour. To achieve this, two specimens (SRI 1 and 

SR12) with the same flexural strength were tested at identical shear spans. SRI 1 had two 

10M bars on each side face, while SRI2 was constucted with no distributed steel. 

Though both specimens showed a distinct yield plateau indicating flexural 

yielding, the hysteresis curve for Specimen SRI 2 was more pinched. The overhead 

photographs in Figure 4.10 show that the cracks are more uniformly spaced and the crack 

widths are significantly reduced with the inclusion of distributed steel. Additionally, the 

presence of distributed reinforcement enabled Specimen SRI 1 to reach a displacement 

ductility of 4 whereas SRI2 failed in brittle shear at uA=3. 
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Figure 4.9 Hysteresis Loops and peak shear forces for beam type specimens SRI 1 
and SRI2 with varying distributed longitudinal reinforcing steel 
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4.6 Comparison of Predicted and Observed Responses 

Figures 4.11, 4.12 and 4.13 show the experimental results for each separate 

specimen, along with the ATC-6-2 model for shear degradation due to increased ductility 

demand. It is immediately evident that the ATC-6-2 model reasonably predicts the shear 

behaviour of reinforced concrete beams and columns subject to reversed cyclic loading 

with increasing ductility demand. 

As previously discussed, it is expected that the shear resistance of a member will 

degrade more quickly if the shear demand on the member is increased. This is apparent 

in the figures for Specimens SR1-SR4 which had identical dimensions, reinforcing and 

material properties but were tested at varying shear demands. Specimen SRI was tested 

with the smallest shear demand and did not undergo any substantial shear strength 

degradation until a ductility of three was reached. In contrast, SR4 had the highest level 

of shear demand and quickly degraded once ju « 1.5 was reached. 

It is also expected that a members hysteretic response will be affected by varying 

its shear strength. Naturally, a reinforced concrete beam or column with closely spaced 

stirrups should outperform an identical beam or column with ties spaced further apart 

when subjected to shear. This is exemplified in Figure 4.11 for Specimens SR5 and SR6 

which show, quite clearly, the reduction in shear strength with increased ductility that 

accompanies an increase in the stirrup spacing. The plots show no considerable shear 

degradation of SR5 until a ductility of four was reached, while SR6 displayed 

considerable shear degradation soon after yielding. 
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Figure 4.12 Correlation of ATC-6-2 predictions with experimental results for 
Specimens SR7 and SR8 
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4.7 Measured Deformations 

As previously described in Chapter 2, overhead photographs of each specimen 

were taken at the peak shear of every cycle at each ductility level. In order to gain a 

greater appreciation of the response of reinforced concrete members under reverse cyclic 

loading, targets were placed on a 100mm x 100mm grid for each specimen allowing 

deformations to be quantified. Analysis of the photographic strain data was done only for 

Specimens SR5 and SR6 and was achieved by enlarging the photographic images of the 

specimens and measuring the distances between the targets. The measured deformations 

are shown in Figure 4.14. 

In addition to providing a quantitative measurement of the deformations occurring 

during testing, the deformations may also be converted to average strain data. This may 

prove useful for verifying shear predictions made using the Modified Compression Field 

Theory as it uses principal strains as opposed to a truss analogy to predict the shear 

behaviour of reinforced concrete members. 
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SPECIMEN S R 5 
Ductility 5, Cycle 1A 

SPECIMEN S R 5 
Ductility 5, Cycle 3A 

SPECIMEN S R 6 
Ductility 5, Cycle 1A 

Figure 4.14 Measured deformations for Specimens SR5 and SR6 taken from overhead 
photographs 
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5 . 0 C O N C L U S I O N S 

In order to achieve a better understanding of the degradation of shear strength 

with increased ductility demand, twenty reinforced concrete specimens have been tested 

using a specially developed structural element tester as part of a long-term research 

program currently in progress at the University of British Columbia. The ultimate goal of 

the study is to develop a rational model for seismic shear design. For this thesis, twelve 

reinforced concrete specimens were constructed and tested (eight column elements and 

four beam elements) under reverse cyclic loading. Eight specimens were previously 

tested by Webster (1995). 

Prior to undertaking the testing program comprising this thesis, a number of 

enhancements were made to the test setup and boundary conditions as follows: 

• Experimental documentation was greatly improved. 

• A frame was constructed above the tester which allowed an overhead camera to 
be mounted above the specimens. Photographs were taken by remote control 
at the peak shear of every cycle during testing for all of the specimens tested. 
In addition to allowing effortless comparisons between specimens at any level 
of ductility, the photographs provided an extensive photographical history of 
the cracking and displacements during the tests. 

• A grid was drawn on the whitewashed specimens which allowed flexural and 
shear deformations to be recorded at every stage of testing and permitted the 
conversion of recorded deformations into average strain data. 

• An improved connection detail was developed. 

• The end of each specimen was enlarged to force the critical flexural region, or 
plastic hinge zone, away from the loading yokes to allow for bond slip of the 
longitudinal steel. This alleviated the restraining effect caused by the loading 
yokes that was evident during previous tests. 

60 



In order to study their effects on the seismic shear resistance of reinforced 

concrete elements, several parameters were investigated such as bending moment to shear 

force ratio, stirrup spacing, axial load and the presence of distributed steel. Following 

testing, it is evident that each of these parameters does in fact influence the seismic shear 

response of reinforced concrete members and the following conclusions can be made: 

• It is apparent that decreasing the shear span will result in a reduction of the amount of 

flexural ductility exhibited by a member. 

• The bending moment to shear force ratio, or shear span, heavily influenced the 
hysteretic response of the elements tested. As the shear span was reduced, the 
response becomes much more brittle and the amount of energy dissipation 
occurring is decreased. Additionally, crack inclinations are reduced and shear 
cracks become wider and more extensive. 

• Increasing the amount of transverse reinforcement improves both crack control and 

flexural ductility. 

• The quantity of transverse reinforcement has a profound effect on a structural 
elements behaviour during reverse cyclic shear. With the addition of trasverse 
reinforcement, hysteretic responses become much fuller which translates into 
improved energy dissipation. Shear degradation with increased ductility 
demand is prolonged and much less dramatic as well. 

• The addition of axial load also greatly affects the flexural ductility exhibited by a 

structural member. 

• Specimens SR7 and SR8 were tested under both axial tension and 
compression, in addition to bending moment and shear. It is evident that 
adding axial compression increases the shear capacity of a reinforced concrete 
element and reduces crack angles, whereas axial tension results in increased 
crack inclinations and a reduced shear capacity. Surprisingly, contrary to what 
conventional shear design models would indicate, adding axial tension was 
found to increase available ductility. 
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• The presence of distributed steel was investigated and it was found that the addition of 

distributed reinforcement enhances crack control and results in improved energy 

dissipation. 

. Hysteresis curves become much less pinched and a slight increase in available 

ductility results. 

Experimental results were closely compared to analytical predictions made based 

on the Applied Technology Council's ATC-6-2 provisions. In general, there was good 

correlation between the experimental results and the predictions that were calculated 

using the ATC-6-2 provisions. Although the ATC-6-2 provisions using the simplified 

"Vc+Vs" method for calculating shear strength provided reasonable estimates of the 

initial and final shear strengths, perhaps a more refined, rational method of calculating 

shear resistance, such as the Modified Compression Field Theory, would improve the 

predictions and provide greater insight into the mechanisms present during reverse cyclic 

shear. 

A number of ideas for possible future work are evident following the twelve tests 

undertaken as the basis for this thesis. The photographical histories and hysteretic 

responses of the specimens tested have already been used to compare various seismic 

damage indices (Williams et al, 1997). The notion of converting photographical records 

into average strain data could be used to gain a better understanding of shear mechanisms 

on a more fundamental level. These strain calculations could also be compared to strain 

predictions made using the Modified Compression Field Theory. Using recorded axial 

deformations to better understand what is happening during reverse cyclic loading is also 

an area for possible future work. 
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APPENDIX Al 
A l . l Specimen SRI 

Date tested August 15, 1993 
Cross-sectional dimensions 400 x 400 mm 
Area of longitudinal steel, A s (p s) 2800 mm 2 (1.78%) 
Distributed steel 2 - 15M 
Area of stirrups, A v 3 x 32 mm 2 = 96 mm 2 

Stirrup spacing, s 76 mm 
Shear span, MTV 1100 mm 
Axial load, N/V None 

Test Description 

Although specimen SRI was definitely flexure dominated, it ultimately failed in 

shear. At a displacement ductility / / A « 3, a 2 mm wide flexural crack and a dominant 

1.5 mm wide diagonal shear crack were present. Also noteworthy was an excessive 

transverse displacement to 41.7 mm which occurred during cycle IB at u A = 4 . 

Although not overly significant, the additional displacement did affect the subsequent 

shear levels attained. The maximum shear level recorded during testing was 219.3 kN. 
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A1.2 Specimen SR2 

Date tested August 18 1993 
Cross-sectional dimensions 400 x 400 mm 
Area of longitudinal steel, A s (p s) 2800 mm 2 (1.78%) 
Distributed steel 2 - 1 5 M 
Area of stirrups, A v 3 x 32 mm 2 = 96 mm 2 

Stirrup spacing, s 76 mm 
Shear span, M/V 900 mm 
Axial load, N/V None 

Test Description 

A shorter shear span was used during the testing of specimen SR2 because 

specimen SRI was flexure dominated and a more brittle response was desired. For this 

specimen, the shear to cause flexural yielding was calculated to be 258 kN. This shear 

was very close to the highest shear of 256.9 kN attained during the test and suggests that 

flexural yielding did occur thereby limiting the shear capacity of this specimen. The 

shear capacity of Specimen SR2 degraded fairly rapidly following a displacement 

ductility of 2 which can be seen graphically in the specimen's hysteresis loops in Figure 

A l .2. However, there was an appreciable amount of shear action evident from diagonal 

cracks which were 4 mm wide at a displacement ductility of / / A « 3 and 5 mm wide at 

67 



Figure A l .2 Hysteresis loops for Specimen SR2 
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A1.3 Specimen SR3 

Date tested August 20 1993 
Cross-sectional dimensions 400 x 400 mm 
Area of longitudinal steel, A s (p s) 2800 mm 2 (1.78%) 
Distributed steel 2 - 15M 
Area of stirrups, A v 3 x 32 mm 2 : 96 mm 2 

Stirrup spacing, s 76 mm 
Shear span, M/V 800 mm 
Axial load, N/V None 

Test Description 

The 291 kN shear force required to cause flexural yielding in Specimen SR3 was 

not reached as the maximum shear recorded was 271.3 kN. An excessive displacement of 

13.8 mm ( / / A «2.5) occurred during ductility level 1.5. This incident irnfortunately 

necessitated skipping that ductility level and continuing at /JA « 2.5 where a diagonal 

shear crack widened to 4 mm. Once a displacement ductility of 3 was reached, 

considerable degradation occurred and the specimen was loaded monotonically to failure. 

An apparent shear failure occurred at a displacement of 33 mm which corresponded to a 

ductility of approximately 6. The shear load at failure was 191 kN. 
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Figure A l .3 Hysteresis loops for Specimen SR3 
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Table A l .3 Summary of displacements at peak shears for Specimen SR3 
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A.1.4 Specimen SR4 

Date tested August 23, 1993 
Cross-sectional dimensions 400 x 400 mm 
Area of longitudinal steel, A s (p s) 2800 mm 2 (1.78%) 
Distributed steel 2 - 15M 
Area of stirrups, A v 3 x 3 2 mm 2 = 96 mm 2 

Stirrup spacing, s 76 mm 
Shear span, MTV 725 mm 
Axial load, N/V None 

Test Description 

The maximum shear encountered during the testing of specimen SR4 was 293 kN 

- significantly lower than the shear required to cause flexural yielding which was 

calculated to be 321 kN. Once / / A «1.5 was reached, subsequent cycles at the same 

ductility level exhibited substantial strength degradation due to the high shear levels. A 

very large, somewhat flatter diagonal shear crack was evident by the time fj.^ ~ 3.0. At a 

displacement ductility of 4, this shear crack had opened up to 6.0 mm wide. Following a 

displacement ductility of 5, the specimen was loaded monotonically and failed at a 

transverse displacement of 46.35 mm. 
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A1.5 Specimen SR5 

Date tested August 25,1993 
Cross-sectional dimensions 400 x 400 mm 
Area of longitudinal steel, A s (p s) 2800 mm 2 (1.78%) 
Distributed steel 2 - 15M 
Area of stirrups, A v 3 x 32 mm 2 = 96 mm 2 

Stirrup spacing, s 51 mm 
Shear Span, M/V 900 mm 
Axial Load, N/V None 

Test Description 

To investigate the effect of transverse reinforcement spacing during reverse cyclic 

shear loading, the stirrup spacing of SR5 was 2" as opposed to 3". A shear span equal to 

the one used for specimen SR2 (900 mm) was used for SR5. The shear required to cause 

flexural yielding was calculated to be 259 kN which was relatively close to the maximum 

shear of 274 kN encountered during the test. Almost all of the cracking at the first 

ductility level (//.A « 1.5) occurred during cycles IA and IB. Considerable flexural action 

was present during the testing of specimen SR5. Very little strength degradation was 

evident until a displacement ductility of / / A « 5.0 was reached. 
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Figure A l .5: Hysteresis loops for Specimen SR5 
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A1.6 Specimen SR6 

Date tested August 27, 1993 
Cross-sectional dimensions 400 x 400 mm 
Area of longitudinal steel, A s (p s) 2800 mm 2 (1.78%) 
Distributed steel 2 - 15M 
Area of stirrups, A v 3 x 32 mm 2 = 96 mm 2 

Stirrup spacing, s 102 mm 
Shear span, M/V 900 mm 
Axial load, N/V None 

Test Description 

The stirrup spacing of specimen SR6 was 4" and the shear required to cause 

flexural yielding was calculated to be 259 kN. This shear was never reached with the 

maximum shear recorded being 233 kN. It should be mentioned that at a ductility level 

of 1.5, the pump shut off and surged when it was turned back on. Unfortunately, this 

resulted in an excessive displacement corresponding to a ductility level of 2.0. However, 

it had little, if any, effect on the specimen's response. Specimen SR6 seemed to be 

mostly shear dominated with considerable degradation occurring at / / A « 1.5. The most 

dominant crack was a 6 mm wide diagonal shear crack which occurred during cycle IB 

of ductility level 3.0. 
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A1.7 Specimen SR7 

Date tested October 18, 1994 
Cross-sectional dimensions 400 x 400 mm 
Area of longitudinal steel, A s (p s) 2800 mm 2 (1.78%) 
Distributed steel 2 - 15M 
Area of stirrups, A v 3 x 3 2 mm 2 = 96 mm 2 

Stirrup spacing, s 76 mm 
Shear span, M/V 900 mm 
Axial load, N/V 1.0 

Test Description 

Specimen SR7 was identical to specimens SRI-4, but was tested with a 

compressive axial load during the A direction cycles and in axial tension during the B 

direction cycles. To more accurately simulate what the member would undergo as part 

of a structure and to avoid using different yield displacements in the two directions, 

specimen SR7 was loaded to incremental displacements of 5 mm, in both directions, 

once displacements of 2.5 and 5 mm had been reached. 

Diagonal shear cracks were evident once the specimen reached a transverse 

displacement of 2.5 mm. These cracks were noticeably steeper in the compression cycle 

compared to those occurring during the tension cycle. Some splitting cracks were 

apparent at a transverse displacement of 10 mm due to the bowing action of the corner 

longitudinal bar. During cyle IB at 15 mm transverse displacement, the weld between 

the endplate and one of the corner bars fractured. The bar was exposed and re-welded but 

upon subsequent loading, another weld fractured. Testing was then halted and further 

repairs were not considered. 
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Figure A1.7: Hysteresis loops for Specimen SR7 
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Table A l .7 Summary of displacements at peak shears for Specimen SR7 
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A1.8 Specimen SR8 

Date tested November 8, 1994 
Cross-sectional dimensions 400 x 400 mm 
Area of longitudinal steel, A s (p s) 2800 mm 2 (1.78%) 
Distributed steel 2 - 15M 
Area of stirrups, A v 3 x 32 mm 2 = 96 mm 2 

Stirrup spacing, s 76 mm 
Shear span, M/V 900 mm 
Axial load, N/V 1.5 

Test Description 

Specimen SR8 was also subjected to compressive and tensile axial loads in the A 

direction cycles and B direction cycles, respectively. The ratio of axial load to shear used 

was higher than specimen SR7 in an attempt to see a greater influence on the specimen's 

shear response. 

As expected, the diagonal shear cracks in the compression cyles were much 

steeper than those occurring during the tension cycle. They were also more evenly 

distributed. Newly formed cracks almost invariably occurred during the first cycle in 

each direction and merely extended during subsequent cycles. Testing was halted when 

one of the corner bars fractured during the second cycle in the tension direction (Cycle 

2B) at a transverse displacement of 40 mm. 

A maximum shear of 314 kN was recorded during the axial compression cycle 

and 180 kN during the axial tension cycles. As expected, the memeber's response during 

the compressive cyles was much stiffer than the response during the tensile cycles. The 

strength degradation was also much more dramatic in the compressive cycle when 

compared to that of the tensile cycle. This can be seen graphically in the hysteresis loops 

of figure A 1.8. 
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Figure A1.8: Hysteresis Loops for Specimen SR8 
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Table A 1.8 Summary of displacements at peak shears for Specimen SR8 
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Table A l .8 Summary of displacements at peak shears for Specimen SR8 (Cont'd) 
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A1.9 Specimen SR9 

Date tested September 23, 1994 
Cross-sectional dimensions 350x465 mm 
Area of longitudinal steel, A s (p s) 2000 mm 2 (1.24%) 
Distributed steel 2 - 10M 
Area of stirrups, A v None 
Stirrup spacing, s n/a 
Shear Span, M/V 1620 mm 
Axial Load, N/V None 

Test Description 

Specimen SR9 was the first in a series of beam section tests. Unevenly spaced 

Diagonal shear cracks were apparent during the first cycles at a shear corresponding to 

67% of the yield load. During the second and third cycles of most ductility levels, 

existing cracks seemed to widen but little extension was apparent. By a displacement 

ductility of 2, the widest crack measured 3 mm and widened to 5 mm at cycle 3A of 

displacement ductility 3. During cycle IB at a displacement ductility of 4, one of the 

corner bars buckled outwards causing the cover to spall. Although this specimen's full 

hysteresis loops would seem to indicate ductile flexural behaviour, a brittle shear failure 

occurred during the first cycle of ductility level 5. The maximum shear force that 

specimen SR9 withstood was 116.4 kN. 
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ure A1.9: Hysteresis Loops for Specimen SR9 
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ALIO Specimen SRIO 

Date tested September 29, 1994 
Cross-sectional dimensions 350x465 mm 
Area of longitudinal steel, A s (p s) 2000 mm 2 (1.24%) 
Distributed steel 2 - 10M 
Area of stirrups, A v None 
Stirrup spacing, s n/a 
Shear span, M/V 1337 mm 
Axial load, N/V None 

Test Description 

Specimen SR10 was tested at a much shorter shear span than SR9 and was 

therefore subjected to a higher shear demand causing more brittle behaviour. Steep, 

narrow shear cracks were evident in the first cycles and extended during subsequent 

cycles. Very few new cracks appeared as the existing cracks extended and widened. 

During cycle IB of displacement ductility 1.5, a large diagonal shear crack resulted in a 

very brittle failure. 
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Table AL IO Surnrnary of displacements at peak shears for Specimen SRI 0 
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Al . l l Specimen SR11 

Date tested October 6, 1994 
Cross-sectional dimensions 350 x465 mm 
Area of longitudinal steel, A s (p s) 2000 mm 2 (1.24%) 
Distributed steel 2 - 10M 
Area of stirrups, A v None 
Stirrup spacing, s n/a 
Shear span, M/V 1900 mm 
Axial load, N/V None 

Test Description 

Due to the brittle nature of specimen SR10, it was decided to test SRI 1 at a larger 

shear span in an attempt to achieve a more ductile response. A series of steep diagonal 

cracks occurred at a displacement ductility of 0.75 in both directions. Once again, very 

few new cracks formed. Instead, existing cracks widened during the second and third 

cycles and extended during the first cycle of the next ductility level. The largest shear 

force occurring during the testing of SR11 was 104 kN which was followed by a brittle 

failure during cycle IB of displacement ductility 4. This failure was the result of a 3 mm 

wide diagonal shear crack. 
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Table A L U Summary of displacements at peak shears for Specimen SRI 1 
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A1.12 Specimen SR12 

Date tested October 11, 1994 
Cross-sectional dimensions 350 x 465 mm 
Area of longitudinal steel, A s (p s ) 2000 mm 2 (1.24%) 
Distributed steel Yes 
Area of stirrups, A v None 
Stirrup spacing, s n/a 
Shear span, M/V 1900 mm 
Axial load, N/V None 

Test Description 

Specimen SRI 2 was tested at the same shear span as SR11 but contained no 

distributed steel. Diagonal shear cracks were visible immediately and those occurring in 

the B direction cycles appeared to be more evenly distributed. Longitudinal bond 

splitting occurred during a displacement ductility of 2 and worsened as loading 

progressed. A combination of bond splitting and a large diagonal shear crack caused a 

brittle shear failure during cycle IB of displacement ductility 3. The maximum recorded 

shear for this test was 106 kN. 
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Figure A1.12: Hysteresis Loops for Specimen SRI 2 
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Table A l . 12 Summary of displacements at peak shears for Specimen SRI 2 
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