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ABSTRACT 


The design of structural bridge elements like columns, beam-column joints, and 

cap beams has evolved in the past 20 years. Many experimental tests have been done in 

order to determine the behavior of bridge columns under seismic loading. Most of those 

tests were static performed with monotonic cyclic loading. Only a few of those tests were 

dynamically performed on shake tables to simulate the actual earthquakes. Based on the 

literature review, few studies were concerned about testing the seismic behavior of newly 

designed models; in particular, two-column bent models with hinged bases. Therefore, 

the objective of the present study was to test two-column bridge bents dynamically by 

subjecting them to actual time earthquakes. Three models with columns aspect ratios of 

6.64, 4.5 and 2.5 and scale ratio of 0.3 were designed according to the updated Caltrans 

design criteria. The aspect ratio is the height of the column divided by the column 

diameter. The shake table was able to exert the record of the Sylmar earthquake, 1984 on 

the three specimens with various amplitudes. All deformations, rebar strains and mass 

accelerations were recorded during shaking. The three specimens behaved strongly and 

resisted high levels of the Sylmar earthquakes after experiencing high ductility levels. 

The two long specimens had a similar flexural behavior, whereas the short specimen had 

a hybrid between flexural and shear behavior. The data from these specimens will be 

used to understand joint, column and base hinge behavior to develop analytical models 

and to propose design recommendations.  
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CHAPTER 1
 

INTRODUCTION & LITERATURE REVIEW 


1.1 Introduction 


The 1971 San Fernando, 1989 Loma Prieta and 1994 Northridge 

Earthquakes caused severe economic losses. These earthquake effects helped to 

develop the capacity design method in which bridges are allowed to experience 

inelastic deformation and enough ductility is provided to protect bridges from 

failure. To achieve enough ductility, the bridge components such as the column 

plastic hinge zones, the beam-column joints and the column bases are seismically 

detailed for large deformation capacity. To verify the seismic details for the bridge 

components, CALTRANS has funded many experimental studies performed on 

large-scale specimens to test the critical parts of bridges. The current research 

study is to investigate the new design details1 for two-column, box-superstructure, 

hinged-base bridge bents. 

1.2 Literature Review 

Many studies have investigated the behavior of individual R/C columns 

aiming to model small parts of the whole bridge whereas few studies have tested 

larger parts of bridges such as the multiple-column bents. This is because of the 

experimental and analytical simplicity of the single columns rather than the 

multiple-column bents. In most cases, the results from testing single columns can 

be useful not only for the single-column bridges but also for many other bridges.  
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Laplace, et al2 examined the seismic behavior of two flexurally dominated 

1/3-scale R/C circular bridge columns under El Centro Earthquake excitations. 

Both columns had an aspect ratio of 4.5. The two columns were identically 

constructed to investigate the load path and strain rate effect. The two columns 

were subjected to two different loading scenarios. The first column was subjected 

to increasing levels of the El Centro Earthquake until failure, whereas the second 

column was subjected to a large intensity earthquake followed by two aftershocks. 

In order to predict the columns response under earthquake excitations, a computer 

program called RC-Shake was developed. In this program, the Q-Hyst model was 

used to represent the strength degradation after large cyclic displacements. The 

developed program showed good correlation with the experimental results at small 

deflections but it showed discrepancy with experimental results at large 

deflections. The study concluded that columns subjected to sudden strong 

earthquake excitations, within the columns capacities, behaved stronger and less 

ductile than columns subjected to gradual earthquake intensities. This effect is 

called the load path effect, which is diminished after getting high damage levels 

from the first excitation. The reason of the load path effect is that steel and 

concrete can have higher strength under high strain rate resulted from dynamic 

excitation. Laplace, et al3 also investigated the behavior of shear dominated 

columns. The CALTRANS shear equation including the strain rate effect 

predicted the peak shear capacity of the shear columns. The CALTRANS shear 
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equation was used to predict the force-displacement envelope based on the 

displacement ductility. This calculated envelope had good correlation with the 

force-deformation envelope of the shear columns. The effect of load path was also 

investigated and was found to have no significant effect on the measured shear 

capacities of the columns. While the previous studies did a good job of 

documenting the single column behavior and showing that current details 

performed well, it did not investigate the system, joint or base-hinge behaviors. 

For the multiple-column bents, a study by Sri Sritharan et al.4 has 

investigated the seismic behavior of the CALTRANS 2001 based bridge bents. 

The main objectives of this study were to verify the recent proposed guidelines for 

the bridge bents and to examine the force transfer method for the joint design. 

Two 50 %-scale specimens were built to model part of the Santa Monica Viaduct 

in Los Angeles. Specimen columns were designed according to the ATC-325 

specifications while the specimens T and knee joints were designed using the 

strut-and-tie method6. In both specimens, the bridge deck and soffit were not 

represented to simplify the test details. The expected inflection point in the 

prototype bridge column was modeled by R/C hinges at the base of each specimen 

column. The bridge gravity loading was simulated by tie-down system attached to 

the specimen beam while the seismic loading was quasistaticlly modeled by 

hydraulic actuators. Under the actuator pulling and pushing test, the R/C specimen 

reached a displacement ductility of 6, corresponding to a column drift of 8.7 %. 
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During cycling at this level of ductility, clear strength deterioration was observed 

as a result of the specimen T-joint failure. The specimen knee joint, however, 

continued to perform satisfactorily with limited damage forcing buckling in the 

exterior column longitudinal reinforcement. Despite the T-joint failure at the 

maximum ductility, the specimen continued to support the gravity loading 

throughout the test, which led to a conclusion that the joint details were sufficient 

to prevent collapse of the structure under severe earthquakes. Nonetheless, the 

reinforcement details of the T-joint failed to produce the desired seismic response. 

A subsequent analysis revealed the shortcomings in the strut-and-tie model for the 

T-joints, so another more realistic strut-and-tie model was suggested based on the 

existing joint reinforcement. The study concluded that a better understanding of 

the force-transfer through the specimen joints could reduce the steel congestion 

and make the construction much easier. The study also proved good performance 

of the 2001 designed specimens as they attained the maximum displacement 

ductility of 6 and 8. The study, however did not evaluate the following issues: 

1- Behavior of the column base hinges since the column base sliding, as a 

function of the specimen response, was not experimentally measured.  

2- Full dynamic response since the test was done under slow cyclic loading.  

3- Impact of column aspect ratio on system behavior, or 

4- Beam details that include the effective top and bottom slabs. 
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1.3 Research objectives 

The study aimed to investigate the seismic behavior of the newly designed 

two-circular column, hinged base bridge bents with box superstructure type under 

dynamic loading. The specimens were designed to represent the newly designed 

prototype of the existing bridges in California. Based on the limited previous 

studies dealing with this topic, the research objectives can be summarized in the 

following points: 

1- Test the specimens with more realistic dynamic loading using large shake 

tables that can exert real time-history earthquakes; 

2- Model the bridge gravity loading accurately by placing an equivalent weight of 

lead blocks on the specimen cap. This creates a dynamic mass moving with the 

shake table excitation. It also simulates the actual effect of the P-δ; 

3- Investigate the impact of the column aspect ratio on the seismic behavior of the 

two-column bridge bents. This was achieved by constructing three identical 

two-column specimens having their column height as the only variable; 

4-  Investigate the behavior and design of bridge joints; 


5- Examine simple analytical models that can accurately predict the seismic 


behavior of two-column bents; 

6- Evaluate the behavior of the two-way column hinges; and 

7- Verify the importance of including the bridge soffit and deck to accurately 

model the superstructure configuration. 
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To perform this investigation, three specimens were designed based on the 

updated CALTRANS design criteria1. The three specimens were identical except 

for the column aspect ratios, which were 2.5, 4.5 and 6.64. Preliminary static and 

dynamic analyses were performed on the three specimens to predict the seismic 

behavior and to verify that the specimens will reach failure before reaching the 

shake table capacity. All analysis steps and details are illustrated in chapter 2. The 

specimen construction was the next step, which took three major stages: 

construction of footings, columns and cap beams. Before each stage, the specimen 

reinforcement was instrumented. In chapter 3, all construction stages are shown 

including the testing of the reinforcement and concrete cylinders. Each specimen 

was subjected to a series of increasing amplitudes the Sylmar record from the 

1994 Northridge Earthquake. During loadings, the specimen displacements and 

accelerations as well as the reinforcement and concrete strains at critical sections 

were recorded. The full details of these results are documented in chapter 4. The 

experimental results in chapter 4 were used to evaluate the analytical models used 

to predict the seismic behavior. The analysis details are illustrated in chapter 5 in 

which two analytical models were recommended as a result of their simplicity and 

their good correlation with the experimental results. In chapter 6, the updated 

CALATRANS design criteria were evaluated based on the analytical and 

experimental results in chapters 4 and 5. Some of the CALTRANS details were 

supported by the research findings while others showed poor performance and 
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required new details. Finally the main research findings are listed in chapter 7 and 

the design recommendations are outlined.  
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CHAPTER 2
 

EXPERIMENTAL PROGRAM 


2.1 Introduction 


This chapter illustrates the procedures used to develop the three test 

specimens. Based on the 0.3-scale as-built model developed from a previous 

research project7, the specimens were designed to represent the configuration of 

the new bridges in California. The three specimens were designed according to the 

current CALTRANS specifications and recommendations1. 

The first specimen had an aspect ratio of 6.64, and it had the same 

geometrical configuration of the as-built model but with a new reinforcement 

design. The second and the third specimens were similar to the first one but with 

column aspect ratios of 4.5 and 2.5, respectively. 

Several computer programs were used to predict the seismic behavior of the 

test specimens and to make sure that all specimens could reach total failure before 

exceeding the maximum shake table capacity. Based on the expected seismic 

behavior obtained from computer analysis, instrumentation layout was designed to 

measure the accelerations and displacements of each specimen and to record 

concrete and steel strains generated during testing. 
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2.2 Test Specimens 

The as-built prototype bridge bent and the scaled down geometric 

configuration of the model were developed in a previous study7. The prototype 

was based on the average concrete dimensions of six bridges in Southern 

California having common design criteria (i.e. two circular-columns, hinged- 

bases, and box girder bridge bents). The three new specimens in this study had the 

same scale ratio used in the previous study7 but with new details following the 

2000 CALTRANS specifications1. To distinguish between specimens, they were 

labeled as B2CT, B2CM and B2CS, where “B” stood for bent, “2” for two 

columns, “C” for circular columns, “T” for tall columns, “M” for medium 

columns, and “S” for short columns. B2CT specimen had the same as-built model 

dimensions with a column aspect ratio of 6.64, where B2CM and B2CS had aspect 

ratios of 4.5 and 2.5, respectively. The dimensions and configurations of new 

specimens B2CT, B2CM, B2CS are shown in Figs. 2-1, 2-2, 2-3, respectively. 

2.3 Specimen Design 

The new design focused on the details of longitudinal and transverse 

reinforcement in both columns, cap beam and joints of each specimen. For the 

columns, the new design details were concerned about confining reinforcement 

and the development of both longitudinal and hinge dowel reinforcement. For the 

bent cap, the new design was mainly concerned about the developing of bottom 

and top longitudinal reinforcement as well as the development of the beam 
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transverse reinforcement. For the beam-column joints, the new details were shown 

in the development and confinement of the column longitudinal reinforcement 

inside the joints. 

2.3.1 Columns  

Column longitudinal reinforcement ratio was taken as 2 % for all 

specimens. This steel ratio was the same as in the prototype columns. Column 

transverse reinforcement was, however, estimated based on shear capacity and 

confining requirements. In each specimen, the column longitudinal reinforcement 

was extended 16” (400 mm) into the cap beam and the developed length was 

confined with the same column confining steel as dictated by the CALTRANS 

new design1. This is shown in Figs. 2-4a, 2-5 and 2-6 for specimens B2CT, B2CM 

and B2CS, respectively. On the other hand, the old substandard design had a 

different configuration. As can be seen in Fig. 2-4b, the column longitudinal 

reinforcement is not well developed inside the bent cap and is not confined. The 

column confining reinforcement is also much less than in the new design. This is 

clearly shown in Table 2-1, in which the column confinement ratio, ρs in the old 

design is about as much as 0.20 the confinement in the new design. 

2.3.2 Cap Beam 

For the beam longitudinal reinforcement, no curtailment was made in either 

the top or bottom reinforcement. As shown in Fig. 2-7 (for specimens B2CT and 

B2CM) and Fig. 2-8 (for specimen B2CS), the top longitudinal reinforcement was 
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hooked at the ends to have enough development length beyond the critical 

sections. The bottom longitudinal reinforcement was also sufficiently developed 

beyond the columns axes (Figs. 2-27 and 2-8). The beam hooks located in the 

beam mid-span (Figs. 2-7 and 2-8) were not dictated by the new design but they 

were used for stability considerations, which is discussed in Section 2.5. 

For the beam transverse reinforcement, the shear demand required for 

design was calculated after increasing the column flexural capacity by 20 % as 

specified by CALTRANS. As a result of the higher lateral capacity of the short 

specimen B2CS than other specimens, the shear demand of the B2CS beam was 

much higher than in specimens B2CM and B2CT. This was translated into a 

higher number of stirrups in the B2CS beam (Fig. 2-8).  

On the other hand, the beam old design had a different configuration7. As 

shown in Fig. 2-9, the beam longitudinal reinforcement is curtailed through the 

whole beam, which does not conform with the seismic-design requirements. The 

beam transverse reinforcement also consists of U-shaped stirrups, which provide 

no confinement to the beam cross-section.  

2.3.3 Hinge Details 

The hinge configuration at the column bases was taken similar to the 

substandard prototype but with increasing the hinge key depth to 0.5" and 

increasing the hinge bar development length to 17” (425 mm) according to the 

new design details. The hinge configuration details at the column bases of all 
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specimens are shown in Fig. 2-10a. The old design details, however, had a 

different configuration. As shown in Fig. 2-10b, the hinge dowels are not well 

developed (development length = 7” (175 mm) only), and the hinge key depth is 

very small (1/12 in (2mm) only). 

2.3.4 Footing 

The footing of each specimen was designed to be totally fixed by 

neglecting the effect of soil-structure interaction. Each footing was clamped to the 

shake table by 16-tie down steel rods with the tensile force of 25 kips. The footing 

reinforcement and dimensions are shown in Figs. 2-11 and 2-12. The details of the 

footing reinforcement are also shown in Fig. 2-13. The plan footing dimensions 

were large enough to accommodate footing stability and lifting hooks (Figs. 2-11 

and 2-12). The large footing dimensions also helped to reduce the effect of 

moment transmitted to the footing. Lifting the specimen from its lifting hooks was 

considered the first case of loading. The next load case was after leaving the 

loaded specimen resting on the shake table without any fixation to the shake table. 

The last and most critical load case was when the fully loaded specimen reached 

its failure mode.   

2.4 Loading System 

The actual bridge mass carried by each bent was replaced by a scaled mass 

of lead. Lead material was used in this study because it provided the most compact 

way to apply the extra mass, which made the columns and joints more visible to 

12
 



 

  

 

      

  

 

 

 

 

 

 

  

 

 

allow more accurate study of the cracks and spalling developed during testing. It 

also allowed the extra mass to be distributed close to the way in the prototype. The 

value of lead mass was calculated based on relating the model and prototype 

masses as follows: 

Mm/Mp=Wm/Wp=Fm/Fp=σm*Am/ σp*Ap (2.1) 

Where, 

Mm and Mp = the masses of model and prototype, respectively 

Wm and Wp = the weights of model and prototype, respectively 

Fm and Fp = the axial columns forces of model and prototype, respectively 

Am and Ap = the columns areas of model and prototype, respectively 

σm and σp = the axial material stresses of model and prototype, respectively 

Based on using equal material properties in both model and prototype, the 

cross-sectional stresses in both model and prototype should be the same, (σm = σp). 

Therefore, from equation 2.1, Mm/Mp equals the ratio between column cross- 

sectional areas Am/Ap, which is equal to the square of the scale ratio (0.32=0.09). 

Based on that ratio, the required lead weight was estimated and translated into a 

group of lead blocks7. These blocks were contained in steel buckets to be easily 

loaded on the specimens. The steel buckets were designed to be rigidly attached to 

the cap beam body to minimize any relative motion between them. The 

configuration of the steel buckets carried on one of the three specimens is shown 

in Fig. 2-14. In this figure, the circled numbers indicate the weights of filled 
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buckets including the weights of the steel buckets. The weights of the lower 

buckets include the buckets on both sides of the bent cap (Fig. 2-14, sec a-a). The 

weight of the steel tubes is not shown in Fig. 2-14. The weight of the small steel 

tubes is 0.14 k (0.62 kN) each and the weight of the large steel tubes located the 

bottom of the cap beam is 0.27 k (1.19 kN) each. There are additional lead blocks 

located in the middle cells of the cap beam. These blocks are also not shown in 

Fig. 2-14 for the clarity. These blocks in addition to the cap-beam and the side 

plates (Fig. 2-14, elevation) weigh 7.4 k (32.9 kN). From these numbers, the 

location of the center of mass can be calculated. The center of the dynamic mass 

was found 1.0 foot (12”) above the bent-cap center. The centroid of the actual 

bridge would also be higher than the center due to the weight of topping surface 

and barrier rails. The total weight of lead buckets, steel tubes, side plates and bent 

cap is 74.8 k (333 kN). This load is carried by two columns. If f’c is taken as 5.0 

ksi (35 MPa), the load index of each column becomes 4.86 %. 

2.5 Specimen Stability 

The loading system allowed the mass on each bent to move freely back and 

forth during shaking. Thus, it was expected for the specimen to experience large 

displacements at failure. Therefore, a stability system was developed to limit large 

displacement after reaching the total failure.   

For specimen B2CS, the stability system consisted of cables connected 

between the specimen cap beam and footing by means of hooks attached to 
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specimen body and shake table (Fig. 2-14). The stability system was designed to 

restrain the excessive motion in the primary direction near failure (Fig. 2-14, 

elevation) and to support the specimen in the out-of-plane direction (Fig. 2-14, 

section A-A). For the middle and tall specimens, B2CM and B2CT, the stability 

system was different. In these relatively tall specimens, leaning toward the out-of-

plane direction was more possible, so additional steel-bracing system was added. 

This bracing system shown in Figs. 2-15 and 2-16 worked as a support for the 

specimen mass in either in-plane or out-of-plane direction. This support helped to 

secure the area around the shake table and to protect the shake table from the 

damage that could follow the specimen failure. As shown in Fig. 2-15 section A-

A, the specimen leaning in the out-of-plane direction can be controlled by the 6 x 

6 steel tubes coming in contact with the top flange of the W10 x 49. The excessive 

large displacement in the in-plane direction can also be controlled by the steel 

cables connected between the cap beam and the steel frame (Fig. 2-15). In a worse 

case scenario, the 6 x 6 steel tubes would hit the support columns (W 14 x 99) 

stopping the excessive in-plane motion (Fig. 2-15, elevation). 

2.6 Computer Analysis 

Computer analysis was used to predict the behavior of each specimen 

before testing. Computer analysis was also needed to make sure that each 

specimen could reach failure before exceeding the maximum shake table capacity. 

It was also helpful in determining the effective and economical instrumentation. 
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Three computer programs were used to complete the analysis. First, the RCMC8 

program was used to determine the moment and curvature capacities for column 

and beam cross-sections in each specimen. Second, the Drain-3D9 program was 

used to perform the push-over analysis for each specimen. Third, the RC-Shake2 

program was used to analyze specimens dynamically by subjecting them to 

earthquake records. 

2.6.1 Moment-Curvature Analysis 

The critical cross-sections of the columns and beam in each specimen were 

analyzed using the RCMC program. To perform the RCMC analysis, the 

properties of the reinforcement and the confined and unconfined concrete 

materials were needed. Kent and Park model was used to model the unconfined 

concrete properties, whereas modified Mander model was used to model the 

confined concrete properties8. To begin this preliminary analysis, appropriate 

concrete and steel properties were assumed based on previous tests. The 

unconfined concrete strength, f’c was assumed 5.0 ksi (34.5 MPa) and the steel 

yield strength was assumed 60 ksi (414 MPa). The levels of axial forces in the 

specimen columns were initially taken to be equal. Then the equilibrium of the 

whole system was calculated and used to determine the actual axial force in each 

column. Based on the new levels of axial forces, new moment-curvature diagrams 

for each column were determined. This process is repeated till there is no 

significant difference between the successive values of the column axial forces. As 
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a result of this process, the axial forces in the tall columns were determined as 63 

k (280 kN) and 12 k (53.4 kN). The corresponding axial force in the cap beam was 

calculated as 15 k (67 kN). Based on that this analysis is a preliminary analysis, 

the previous levels of axial forces were used in analyzing the other two specimens. 

A more detailed analysis in this aspect is illustrated in chapter 5. The output 

results are shown in Figs. 2-17 to 2-21. The theoretical moment-curvature diagram 

for the beam section is shown in Fig. 2-17. The moment-curvature diagram for the 

two column sections are shown in Figs. 2-18 and 2-19. The moment curvature 

diagrams for the two column-base sections are shown in Fig. 2-20 and 2-21. On 

each diagram, the idealized moment-curvature curve was appended to determine 

the idealized yield moment and curvature for each section. The previous analysis 

was later refined in the final analysis after knowing the actual concrete and steel 

properties (chapter 5, section 5.3). 

2.6.2 Pushover Analysis 

Although pushover analysis was a static analysis, it was essential for 

predicting the change in structural stiffness during dynamic loading. The model 

used for performing this analysis was the Takeda model, which was developed 

from experimental studies13. The data required for this model were the plastic 

moments of the critical cross-sections (previously calculated from the RCMC 

analysis), the cracking moments for concrete sections calculated from transformed 

cross-section analysis, and the yield rotations for each plastic hinge calculated by 
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the conjugate beam method. On each column, the moment diagram is transferred 

to a load by dividing the moment values by the average EI value of the column 

cross-section. The reaction due to this loading at each column end is equivalent to 

the end rotation. 

The output results from DRAIN-3DX depicted in Figs. 2-22, 2-23 and 2-24 

demonstrate the static load-displacement relationships for specimens B2CT, 

B2CM and B2CS, respectively. From these diagrams, maximum lateral load 

capacity and its corresponding yield displacement can be concluded of each 

specimen. The failure displacement, however, is not directly calculated by the 

DRAIN-3DX program, so it is calculated by hand. The ultimate displacement of 

each specimen can be calculated by adding the plastic displacement of each 

specimen, ∆p to its corresponding yield displacement, ∆y. The yield displacement, 

∆y of each column is calculated from the program whereas the plastic 

displacement, ∆p is calculated by hand. These calculations are demonstrated as 

follows: 

∆m = ∆y  + ∆p (2.2) 

∆p = θp *(H - Lp /2) (2.3) 

θp = (Φu- Φy)*Lp (2.4) 

Where 

∆m = maximum lateral displacement before failure directly 

∆y = yield displacement, (obtained from Drain analysis) 
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∆p = plastic displacement 

θp = plastic rotation 

Φu=ultimate curvature of column section (obtained from RCMC analysis) 

Φy = yield curvature of column section (obtained from RCMC analysis). 

H = column clear height 

Lp = plastic hinge length, (obtained from Paulay and Priestley empirical 

equations10) 

Based on the difference in the axial load level between the two columns, 

each column in each specimen has two different ultimate displacements. The 

ultimate specimen displacement was based on the column of the lower ductility. 

2.6.3 Dynamic Analysis 

The dynamic analysis was performed by the RC-Shake program, which was 

developed to solve nonlinear SDOF problems based on step-by-step integration 

procedure. The model used in this program was the Q-hyst model, which was 

developed by Saiidi, M.11 to model the hysteretic loops of reinforced concrete 

members. 

Before final analysis, the model was analyzed for four earthquake records 

to choose the most critical one. The comparison was based on maximum specimen 

response, so each specimen was subjected to several earthquakes adjusted to have 

the same maximum acceleration. The response to each earthquake for specimens 

B2CT, B2CM and B2CS are shown in Figs. 2-25, 2-26 and 2-27, respectively. It is 
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shown in these figures that the 1994 Sylmar record from the Northridge 

Earthquake was the one that causes large excitations to the tall and middle 

specimens. The Sylmar earthquake was also used in the previous study7, which 

was done on the substandard model.  

To simulate the planned loading steps during testing, the Sylmar earthquake 

was modified to a group of successive earthquakes with increasing amplitudes. 

Fig. 2-28 shows the new ramped earthquake after scaling down the total time of 

actual earthquakes to match with the fundamental period of each specimen. The 

total time of each earthquake was scaled down by the square root of the scale ratio, 

Ls
0.5 (0.5477). This scaling-down ratio was obtained after relating the natural 

period of both model and prototype. The suggested ramped earthquake consisted 

of nine Sylmar records having maximum accelerations of 0.12g, 0.15g, 0.3g, 

0.45g, 0.6g, 0.75g, 0.84g, 1.0g and 1.25g. This corresponds to a series of Sylmar 

records having factors of 0.2, 0.25, 0.5, 0.75, 1.0, 1.25, 1.40, 1.67, and 2.10 x 

Sylmar where the maximum acceleration of the Sylmar is 0.6 g. For the sake of 

comparison, the first set of seven loadings from 0.12g to 0.84g was the same as in 

the previous study7. In the actual test, a time gap existed after each earthquake, 

which was used for specimen observation and marking.  

The ramped earthquake was used as input for the RC-Shake program to 

model the actual tests for the three specimens. The load-displacement output 

hysteresis are shown in Figs. 2-29, 2-30, and 2-31 for specimens B2CT, B2CM, 
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and B2CS, respectively. Based on the difference in response, each specimen 

reached its maximum displacement under a specific ramped earthquake. The 

predicted failure of the middle specimen B2CM was at 0.84 x Sylmar while the 

predicted failure of the tall and short specimens was at 1.25 x Sylmar. 

2.7 Instrumentation 

Based on previous computer analyses, the instrumentation layout of each 

specimen was designed to record strains, displacements and accelerations 

generated at critical sections during testing. Each type of the instrumentation is 

individually discussed in the following subsections.   

2.7.1 Strain Gages 

Strain gages were used to record the strains generated in longitudinal and 

transverse steel at critical sections during testing. The critical sections were at the 

expected plastic hinge zones and at the zones of maximum shear stresses.  It was 

decided to provide specimens B2CT and B2CM with the same instrumentation 

because it was expected for these specimens to experience similar responses. 

However, it was expected for specimen B2CS to experience higher shear demand 

because of its small column aspect ratio, so its instrumentation layout was slightly 

different. Figs. 2-32 and 2-33 show strain gage configuration of longitudinal and 

transverse reinforcement, respectively, in both specimens B2CT and B2CM. In 

these specimens, the distribution of strain gages was mainly concentrated in the 

plastic hinge zones. All gages in both specimens were labeled on the gage lead 
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wires to recognize their positions after concrete casting. Figs. 2-34 and 2-35 show 

the gage labeling of longitudinal and transverse reinforcement, respectively. 

Similarly, the strain gage configuration of longitudinal and transverse 

reinforcement in specimen B2CS was designed as shown in Figs. 2-36 and 2-37, 

respectively. The number of strain gages was reduced in the column plastic hinge 

zones due to the expected reduction in the plastic hinge length of each column. At 

beam critical sections, the number of strain gages was increased as a result of 

moment and shear increase at these sections. All gage labeling is shown in Figs. 2-

38 and 2-39 for longitudinal and transverse reinforcement, respectively. 

2.7.2 Novotechnik Transducers 

The main purpose of the Novotechnick tranceducers was to determine 

curvatures and strains at the critical sections during testing. It was also used to 

measure the sliding and rotation at the column bases. The way of calculating 

curvature from the Novotechnick readings is shown schematically in Fig. 2-40. 

The calculated curvature was the average curvature of the cross section between 

the Novotechnik steel rods. The Novotechnick arrangement of specimens B2CT 

and B2CM are shown Fig. 2-41. Similarly, Fig. 2-42 shows the Novotechnik 

configuration for specimen B2CS. In this figure, the number of Novotechnik was 

slightly reduced at the column plastic hinge zones due to the expected reduction in 

flexural behavior in this specimen. 
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2.7.3 Accelerometers and Potentiometers 

Accelerometers and potentiometers were used to record the specimen 

absolute accelerations and displacements, respectively. Fig. 2-43 shows the 

schematic configuration of these instruments for the short specimen B2CS. In this 

figure, the specimen top displacement in the main loading direction is measured 

by one potentiometer located on the west side of the bent-cap and directed in the 

E-W direction. The lateral displacement was measured by another potentiometer 

located at the center of bent cap and directed in the N-S direction.  

To measure the specimen main and lateral accelerations, two 

accelerometers were located in one of the bent cap cells (Fig. 2-43) and directed in 

the E-W and N-S directions. An additional accelerometer was located at the top of 

a steel bucket to record the E-W accelerations of the steel buckets. Using the 

output of the steel buckets accelerometer, any relative motion between the steel 

buckets and the bent-cap could be determined.  

The arrangement of accelerometers and potentiometers of specimens B2CT 

and B2CM were similar to specimen B2CS (Fig. 2-44). The only difference was in 

the arrangement of N-S potentiometers. Two potentiometers were attached to the 

bent-cap body to measure the out-of-plane displacements and rotations.   
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CHAPTER 3
 

SPECIMEN CONSTRUCTION 


3.1 Introduction 


This chapter describes the construction steps for the test specimens. Each 

specimen was constructed in three stages: footing, columns and cap beam. Each 

stage was performed using three steps: form building, reinforcement placement, 

and concrete casting and curing. Between reinforcement placement and concrete 

casting, strain gages were placed on the reinforcement. The three specimens were 

basically identical except in their column aspect ratios. Therefore, it was decided 

to build the three specimens simultaneously but due to construction difficulties, 

there was a time delay in construction between the short specimen and the other 

two specimens. 

3.2 Construction of Footings 

The footings of three specimens were identical, so it was decided to build 

and cast the three footings simultaneously. The forms were prepared with the 

required dimensions and details as shown in Fig. 3-1. In this figure, the 3.5” (88 

mm) diameter PVC pipes were placed and fixed in their locations to create holes 

in each footing matching the shake table connection holes. These holes were used 

later in fixing each footing to the shake table.  
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The footing reinforcement was prepared and placed according to the 

required drawings (Fig. 2-11). The main reinforcement configuration consisted of 

bottom and top meshes of # 6 (19 M) bars (Figs. 3-2 to 3-4). The distance between 

the two meshes was maintained using the footing shear steel, which consisted of 

32 one-leg chairs distributed through the whole footing. Footing hooks shown in 

Figs. 3-2 to 3-4 consisted of three different sets of hooks. The first set was 4 # 11 

(36 M) hooks used for lifting the specimens. The distance between these hooks 

and their dimensions were designed according to the standard dimensions of the 

laboratory forklift. The second and third sets were 8 # 11 (36 M) and 4 # 7 (22 M) 

hooks, which were used for stability requirements during tests (Sec. 2.5). Footing 

dowels shown in Figs. 3-3 and 3-4 were the columns hinge reinforcement. They 

were 4 # 4 (13 M) bars, 4” (100 mm) apart in both directions to create the two-way 

hinges. They also extended 17” (425 mm) inside the column base to fully develop 

their yield strength. It was planned to place strain gages to these dowels at three 

levels. The first level was at the column-footing interface and the other two levels 

were at 4” (100 mm) above and 4” (100 mm) below the column-footing interface 

(Figs. 2-32 and 2-36). The strain gage lead wires coming from each level were 

collected at enough distance above the footing and covered to protect them from 

damage that might occur during concrete casting (Fig. 3-4). 

After checking all reinforcement details, all footings were cast (Fig. 3-5). 

The concrete used in footing casting had the mix-design shown in Table 3-1. 
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During casting, concrete cylinders were taken to make sure of concrete quality and 

strength. Before the concrete surface was totally hardened, the footing surface area 

at each column-footing interface was roughened to 0.25” (6 mm) to create the 

construction joint between each footing and its columns. Fig. 3-6 shows the 

footing-column interface after roughening and before removing the resulting 

debris. 

3.3 Construction of Columns 

The construction process of all columns was standard. First, the steel cages 

of each column were constructed according to the required drawings (Figs. 2-4 to 

2-6). Each cage consisted of 15 # 4 (13 M) longitudinal bars, uniformly distributed 

inside the gage 2 spiral of 12.5” (313 mm) external diameter and 2.25” (56 mm) 

pitch. The three sets of column cages were identical except for their longitudinal 

reinforcement lengths. The next step was placing strain gages at the required 

locations of each column cage. The strain gage locations were shown 

schematically in Figs. 2-32 and 2-33 for both tall B2CT and medium B2CM 

specimens and in Figs. 2-36 and 2-37 for the short specimen. To place strain 

gages, the rebar surface was marked and grinded at required locations as shown in 

Fig. 3-7. The strain gages were subsequently glued at grinded locations after 

cleaning all debris by a special solution. The gages were covered and insulated 

with a waterproof material to prevent any damage that could happen during and 
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after concrete casting. The process of fixing strain ages was completely described 

in the Strain Gage Users’ Guide12. 

Each strain gage was labeled at the end of its lead wire to recognize its 

location after concrete casting. To protect lead wires from damage, they were 

encased into plastic tubes as shown in Fig. 3-8. All plastic tubes were collected 

together to get out of each column as shown in Figs. 3-9 to 3-11. For short 

specimen columns (Fig. 3-9), all collected tubes exited from one outlet while in 

both medium B2CM and tall B2CT columns (Figs. 3-10 and 3-11, respectively), 

all tubes exited from two outlets. The locations of tube outlets were chosen at 

zones of minimum stresses where no concrete spalling was expected. Before 

starting the next construction step, it was found that the column longitudinal 

reinforcement hooks at the base of the column (Figs. 3-9 to 3-11) did not comply 

with the standard practice at CALTRANS as they use straight bars.  As a result, 

these hooks were cut before placing the column cages in their appropriate forms. 

The column forms were prepared with the required dimensions as shown in 

Figs. 3-12, 3-13 and 3-14 for short B2CS, medium B2CM and tall B2CT 

specimens, respectively. After covering each column cage with its form, all forms 

were supported and adjusted vertically (Figs. 3-12 to 3-14). The Novotechnik rods 

shown in Figs. 2-41 and 2-42 were also installed in their specified locations at the 

top and bottom of each column. The upper part of each column cage (16” (400 

mm)) was left uncovered to be cast with bent cap beam. Before concrete casting, 
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the gage lead wires of each column were collected and covered for protection. 

Figs. 3-15 and 3-16 show the casting process of the tall B2CT and medium B2CM 

columns, respectively. In these figures, all precautions were taken to prevent 

aggregate segregation during casting. The concrete used in casting of these 

columns had the mix design given in Table 3-1. During casting, concrete cylinders 

were taken from the same concrete mixture. The procedure and specifications for 

making concrete cylinders were described in ASTM C31/ C31M-98. 

Some construction errors were made during column casting. The lack of the 

mechanical vibration during casting created a honeycomb appearance at the 

critical sections of both tall B2CT and medium B2CM columns. Fig. 3-17 shows a 

sample of damage occurred in tall-specimen columns. Based on this damage, it 

was decided to remove the tall B2CT and medium B2CM columns and rebuild 

them from the footings (Fig. 3-18). It was also decided to use another concrete 

mix-design in casting the new columns (Table 3-2). As a result of these 

construction difficulties in tall B2CT and medium B2CM specimens, the short 

specimen B2CS was constructed before the other two specimens.  

3.4 Construction of Beams 

Fig. 3-19 shows the first step in the beam construction in which part of the 

beam form is established to build the beam steel cage on it. Care was taken to 

make sure that each beam form was perfectly level. The clear height of each 

column was also checked. Secondly, the beam steel cages were constructed with 
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the required details. As shown in Figs. 2-7 and 2-8, the main steel configuration of 

specimens beams consisted of top reinforcement of 6 # 5 (19 M) hooked ended 

bars and bottom reinforcement of 4 # 6 (19 M) bars. The spacing between top and 

bottom reinforcement was maintained constant after tied with No. 3 (10 M) hoops 

distributed along the beam length. The secondary reinforcement was for the cross 

beams and the top and bottom flanges. All details of cap beam reinforcement are 

shown in Figs. 3-20 and 3-21. The large U-shaped hooks shown in this figure were 

additional reinforcement for the stability system and not related to the beam 

design. 

Thirdly, the strain gages were glued at the required locations of each beam. 

The strain gage locations were shown schematically in Figs. 2-32 and 2-33 for 

both tall and medium specimens and in Figs. 2-36 and 2-37 for short specimen 

B2CS. The gaging procedures previously mentioned for the columns were also 

used for the beams. The location of lead wire outlet was chosen at the beam mid

span where no concrete spalling was expected. 

Based on the construction time delay between short specimen B2CS and 

the other two specimens, it was decided to cast the cap beam of short specimen 

B2CS and the columns of other two specimens, simultaneously. This made the 

short specimen B2CS ready for testing earlier than the others. Casting process is 

shown in Figs. 3-22, 3-23 and 3-24 for short B2CS, medium B2CM and tall B2CT 

specimen beams, respectively. The concrete used in casting the cap beams had the 
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mix-design given in Table 3-2. The mechanical vibrator was continuously used to 

increase casting quality, especially in the narrow zones of cross beams (Fig. 3-22 

b). During casting, concrete cylinders were taken from the same concrete mixture. 

After casting, all cap beams were covered to complete curing.  

3.5 Materials Testing 

Materials were tested before and after construction to make sure of material 

strength and quality. For steel, many tests were done on steel samples before 

construction to make sure that steel yield strength was near the target value. The 

results of steel testing were satisfactory for all steel except for the column 

transverse reinforcement. Therefore, it was decided to use a heat-treatment process 

for this reinforcement to adjust its yield strength. For concrete, standard cylinders 

were taken during casting to be able to determine their strength on the day when 

specimens were tested.  

3.5.1 Testing of Steel Samples  

The steel used in reinforcing the three specimens was identical. It consisted 

of several rebar diameters. The most critical rebars were size No. 4 (13 M) and 

Gage 2, because they constituted the longitudinal and transverse reinforcement of 

the specimen columns, respectively. No. 4 (13 M) rebar was also used as the hinge 

dowels of each column base. The other rebar sizes were No. 3 (10 M), No. 5 (16 

M) and No. 6 (19 M). They were the transverse and longitudinal steel of the bent 
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beams. No. 6 (19 M) rebar was used as the main reinforcement in the specimen 

footings. 

The target yield strength was 60 ksi (414MPa). Three samples of each rebar 

diameter were tested and the average results of yield and ultimate strengths are 

shown in Table 3-3. The results were acceptable except for the samples of column 

spirals (gage 2). As shown in Fig. 3-25, Gage 2 did not experience any yield 

plateau, and its ultimate strain was too low (≈ 0.011). The gage yield strength was 

too high (107 ksi (738 MPa)). To modify these properties, the column spirals were 

heat-treated. Each column spiral was coiled to form one portable coil and to fit 

into the heat-treating oven. Before this step, the required heat-treatment ramp (Fig. 

3-26) was determined. Six trials of heating ramps were applied the 10” (250 mm) 

Gage 2 samples with the maximum temperatures of 850 °C (1562 °F), 675 °C 

(1247 °F), 625 °C (1157 °F), 600 °C (1112 °F), 614 °C (1137 °F) and 615°C 

(1139 °F). The ramps stayed the same, only the maximum temperatures changed. 

Figs. 3-27 to 3-32 show the results of the heat-treatment trials on the stress-strain 

properties of the Gage 2 bar. The best result of the heat-treatment is shown in Fig. 

3-32. The heating ramp of 615 oC (1139 oF) maximum temperature was chosen 

because it brought the gage to its target yield strength (60 ksi (414 MPa)) and 

produced a yield plateau (Fig. 3-32). 
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3.5.2 Testing of Concrete Cylinders 

Concrete cylinders were taken from each concrete batch on the day of 

casting. For the three specimens, there were four days of casting. The first day was 

for casting the three footings of the three specimens. The second day was for 

casting the short specimen columns. The third day was for casting the short 

specimen cap beam and the columns of both medium B2CM and tall B2CT 

specimens. The fourth day was for casting the cap beams of medium B2CM and 

tall B2CT specimens. The number of concrete cylinders taken at each day of 

casting was twelve cylinders. Three of them were tested after seven days from 

casting to give a quick estimate of concrete strength. Three cylinders were tested 

after twenty-eight days from casting to give the standard strength. Three cylinders 

were tested on the day of specimen test. The last three cylinders were extra and 

were to be used in case of losing or damaging any other cylinders. After testing 

each set of cylinders, the concrete strength of footings, columns, and beams were 

calculated and listed in Table 3-4. 
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CHAPTER 4 


EXPERIMENTAL RESULTS 


4.1 Introduction 


This chapter shows the experimental procedures and results of the 

specimens B2CS, B2CM, and B2CT. The experimental testing was performed 

using a 14 feet (4.30 m) x 14.50 (4.40 m) feet-shake table. The loading sequence 

was taken as a series of successive Sylmar records from the Northridge 

Earthquake, 1994 with increasing amplitudes. The specimen accelerations (in-

plane and out-of-plane accelerations) generated after each loading were measured 

by two accelerometers attached to the specimen mass (Figs. 2-43 and 2-44). The 

accelerometers had a high measuring sensitivity, so it was decided to filter their 

output in a way to smooth the acceleration history. Care was taken in choosing the 

smoothing-filtering frequency to avoid loosing some of the original data. For the 

tall and medium specimens, the soothing-filtering frequency was taken as 30 Hz 

while for the short specimen the filtering frequency was taken as 10 Hz.  

The specimen displacements generated during each loading were also 

measured by two displacement transducers attached to the specimen mass to 

measure the in-plane and out-of-plane displacements (Figs. 2-43 and 2-44). The 

curvatures at critical sections were measured using Novotechnick instruments 

installed at the specimen critical locations (Figs. 2-41 and 2-42). Inside the 

specimen, the reinforcement strains generated during each loading were also 
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measured by gages attached to the reinforcement surface (Figs. 2-32 to 2-39). All 

results of reinforcement strains, specimen displacements, and accelerations and 

section curvatures were collected during loading at the time step of 1/160 sec (160 

Hz). This frequency created a large data, so in order to reduce the volume of 

results without affecting the extreme values, the output data were resampled at 

lower frequencies suitable for each specimen (80 Hz for short specimen B2CS, 30 

HZ for medium specimen B2CM and 50 Hz for tall specimen B2CT). The 

resampled results for each specimen were plotted in a way to verify instrument 

performance and to investigate the specimen behavior. 

4.2 Loading Sequence 

It was decided to test each specimen with a ramped earthquake, which 

consisted of a group of Sylmar records (from the Northridge earthquake, 1994) 

with increasing amplitudes. To have a valid comparison between the new design 

in this study and the old design in a previous study done on an as-built specimen7, 

the initial loading runs of each specimen were close to the loading runs of the 

previous study7. For higher-amplitude loading runs, the level of loading was 

selected based on specimen response. There was a difference between the target 

and achieved earthquakes. Tables 4-1, 4-2 and 4-3 show the sequence of loading 

runs for specimens B2CS, B2CM and B2CT, respectively. These tables also show 

a comparison between the maximum achieved and target accelerations at each 

loading run. The maximum difference between the achieved and target 
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accelerations after 1.0 x Sylmar were 16 %, 28 % and 9 % for specimens B2CS, 

B2CM and B2CT, respectively. Despite this difference in acceleration maximum 

values, the frequency content of the target and achieved records were close. This is 

shown in Figs. 4-1, 4-2 and 4-3 for the short, medium and tall specimens, 

respectively, during the records of 1.0, 1.75 and 2.5 x Sylmar for each specimen.     

4.3 Observed Response 

The response of each specimen was observed during testing by marking the 

cracks developed after each loading and recording the first loadings causing 

concrete spalling. The response of medium and tall specimens was close to each 

other while the response of short specimen was different. The dominant direction 

for the Sylmar record was to the west (See Figs. 2-43 and 2-44 for the location of 

the specimen with respect to the main direction).  

4.3.1 Observed Response of Short Specimen, B2CS 

Short specimen B2CS was subjected to seventeen Sylmar Earthquakes with 

increasing amplitudes (Table 4-1). From 0.20 x Sylmar to 1.0 x Sylmar, no cracks 

were observed. After the loading of 1.0 x Sylmar, the first flexural cracks were 

observed in the west and east columns at the plastic hinge zones (Figs. 4-4 and 4-

5). The cracks were getting wider and larger as the loading increased. The first 

shear cracks were observed at the loading of 1.40 x Sylmar where diagonal cracks 

appeared in the west column and in the east beam-column joint (Figs. 4-6 and 4-

7). At the loading of 2.0 x Sylmar, shear cracks appeared in the west beam-column 
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joint and in the east and west columns through the whole column length (Figs. 4-8 

and 4-9). The first concrete spalling occurred on the east side of the east column at 

the loading of 2.5 x Sylmar (Fig. 4-10). Spalling started to expose the confinement 

reinforcement on the east side of the west column at the loading of 3.0 x Sylmar 

(Fig. 4-11). Severe damage happened on the west side of the west column base 

after the loading of 3.25 x Sylmar where a large piece of concrete spalled out 

leaving the column longitudinal and transverse reinforcement exposed (Fig. 4-12). 

The east column base also experienced a significant slippage. The maximum 

slippage at this base was 0.56” (14 mm) toward the west direction. After 3.25 x 

Sylmar, the residual slippage at the east column base was as shown in Fig. 4-13 in 

which the column base slipped leaving a part of the expansion-joint filler exposed. 

As a result of this damage, it was decided to stop the test at this level of loading 

(3.25 x Sylmar). The general condition of east and west column after the 

maximum loading is shown in Figs. 4-14 and 4-15, respectively. In these figures, 

shear cracks are extended along the whole length of each column and the 

dominant direction of these cracks are with the dominant direction of the seismic 

force (west direction). Shear cracks are also more concentrated at the top of each 

column. The flexural behavior at the maximum loading is shown in Figs. 4-16 and 

4-17 for the east and west columns, respectively. As can be seen from these 

figures, the concrete spalling is well contained where the transverse reinforcement 

only is partially exposed. This is an indication that the columns could sustain 
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loading higher than the 3.25 x Sylmar. During the whole test of this specimen, the 

cap-beam was considered intact. In the beam-column joints, the cracks were 

minimal and no additional cracks were observed after the loading of 2.0 x Sylmar. 

All of the previous observations for this specimen are summarized in Table 4-4. 

4.3.2 Observed Response of Medium Specimen, B2CM 

Medium specimen B2CM was subjected to fifteen Sylmar Earthquakes 

with increasing amplitudes (Table 4-2). At the first loading of 0.10 x Sylmar, no 

cracks were observed while after the loading of 0.2 x Sylmar, minor flexural 

cracks were observed in east and west columns at the plastic hinge zones (Figs. 4-

18 and 4-19). The cracks were getting wider and larger as the loading increased; 

the number of cracks also increased and distributed over longer portions of the 

columns. The first shear cracks were observed at the loading of 1.25 x Sylmar 

where diagonal cracks appeared along the plastic hinge zones in both columns, 

(Figs. 4-20 and 4-21). Minor shear cracks started in the west and east beam-

column joints after the loadings of 1.50 x Sylmar (Figs. 4-22 and 4-23, 

respectively). The first concrete spalling occurred on the east side of both columns 

at the top of the columns after the loading of 1.25 x Sylmar (Figs. 4-24 and 4-25); 

at this level of loading, minor concrete spalling started also on the west side of 

both column bases (Figs. 4-26 and 4-27). After the loading of 1.50 x Sylmar, 

spalling increased till exposing the transverse and longitudinal reinforcement on 

the east side of the west column (Fig. 4-28). After the loading of 2.0 x Sylmar, 
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spalling started to expose the transverse reinforcement on the east side of the east 

column (Fig. 4-29); at this level of loading, the longitudinal and transverse 

reinforcement on the east side of the west column were fully exposed (Fig. 4-30). 

At the loading of 2.25 x Sylmar, a vertical cracking appeared on the west side of 

the west column base (Fig. 4-31); at the same loading, spalling increased on the 

east side of the east column till exposing longitudinal reinforcement (Fig. 4-32). 

During 2.25 x Sylmar, minor cracking started at the bottom of the cap-beam on the 

west side of the west column (Fig. 4-33). After 2.5 x Sylmar, spalling started at the 

same region of the cap-beam (Fig. 4-34). After the loading of 2.75 x Sylmar, the 

specimen leaned toward the north direction (Fig. 4-35). At this loading, concrete 

spalling increased at the plastic hinge zones of the east and west columns. This 

made the columns transverse and longitudinal reinforcement more visible (Figs. 4-

36 and 4-37). After the loading of 3.0 x Sylmar, concrete spalling deeply increased 

on the east side of the west column at the plastic hinge region. As shown in Fig. 4-

38, some of the confined concrete core spalled leaving the transverse and 

longitudinal reinforcement unsupported. This allows some bucking in the column 

longitudinal reinforcement. The west column base was also damaged after 3.0 x 

Sylmar. As shown in Fig. 4-39, concrete spalled out from the west column base on 

the west side. Based on this damage, it was decided to stop the test at this level of 

loading. All of the previous observations for this specimen are summarized in 

Table 4-5. 

38
 



 

 

 

 

 

  

 

 

 

  

4.3.3 Observed Response of Tall Specimen B2CT 

Tall specimen B2CT was subjected to fourteen of Sylmar records (from the 

Northridge earthquake) with increasing amplitudes (Table 4-3). At the first 

loading of 0.10 x Sylmar, no significant cracks were observed while after the 

loading of 0.2 x Sylmar, minor flexural cracks started in east and west columns at 

plastic hinge zones (Figs. 4-40 and 4-41, respectively). The cracks were getting 

wider and larger as the loading increased; the number of cracks also increased and 

distributed over longer portions of the columns. The first shear cracks were 

observed at the loading of 1.25 x Sylmar where diagonal cracks appeared at the 

plastic hinge zones of both columns (Figs. 4-42 and 4-43, respectively). Minor 

shear cracks started in west and east beam-column joints after the loadings of 1.00 

and 1.50 x Sylmar, respectively (Figs. 4-44 and 4-45, respectively). After the 

loading of 1.5 x Sylmar, the first concrete spalling occurred on the west and east 

sides of the east column and on the east side of the west column at the plastic 

hinge zones (Figs. 4-46 and 4-47, respectively). At this level of loading, no 

spalling was observed on the west side of the west column. The spalling on this 

side started after the loading of 2.0 x Sylmar (Fig. 4-48); at this level of loading, 

the column bases were considered intact (Fig. 4-49). After the loading of 2.0 x 

Sylmar, spalling increased on the west side of the east column till exposing the 

transverse reinforcement (Fig. 4-50). After the loading of 2.25 x Sylmar, spalling 

started to expose transverse reinforcement on the east side of the west column 
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(Fig. 4-51); at this level of loading, vertical cracks appeared on the west side of the 

west column base (Fig. 4-52). After the loading of 2.5 x Sylmar, the specimen 

leaned toward the north direction (Fig. 4-53). Spalling also increased till exposing 

the longitudinal reinforcement on all sides of columns except the west side of the 

west column (Figs. 4-54 and 4-55). The west column base was also damaged on 

the west side of the column. As shown in Fig. 4-56, concrete spalled out exposing 

one of the column transverse reinforcement.  During the loading of 2.5 x Sylmar, 

minor spalling was observed at the bottom of the specimen cap-beam on the west 

side of the west column (Fig. 4-57). After the loading of 2.75 x Sylmar, concrete 

spalling increased in all previous zones without damaging the concrete core in the 

plastic hinge zones and without exposing any reinforcement on the west side of 

the west column (Figs. 4-58 and 4-59). Spalling also increased at the west column 

base exposing parts of the column longitudinal reinforcement while at the east 

column base, no spalling was observed (Figs. 4-60 and 4-61). After the loading of 

2.75 x Sylmar, the specimen was leaning on the steel frame, so it was decided to 

stop the test at this level of loading. All of the previous observations for this 

specimen are summarized in Table 4-6. 

4.4 Measured Response  

The instrumentation layout was discussed in chapter 2. The majority of the 

instruments were for measuring reinforcement strains at critical locations while the 

rest of instruments were for measuring section curvatures and specimen 
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accelerations and displacements. Following are the details of the measured data 

from each instrument. 

4.4.1 Measured Strains  

The numbers and positions of strain gages on longitudinal and transverse 

reinforcement for the three specimens are shown in Figs. 2-29 to 2-36. At each 

loading run, the strain history of each gage was recorded with the maximum 

reading limit of 0.04 strains. The maximum measured strains generated at each 

loading were tabulated and classified into four groups according to the position of 

the strain gages. The first and second groups were for the gages on the column 

longitudinal and transverse reinforcement, respectively. The third and fourth 

groups were for the gages on beam longitudinal and transverse reinforcement, 

respectively. All of these groups are shown in Tables 4-7 to 4-12 for specimens 

B2CS, in Tables 4-13 to 4-18 for specimen B2CM and in Tables 4-19 to 4-24 for 

specimen B2CT, respectively. From these tables, the bad gages of unreasonable 

maximum response could be easily discovered. The response of each gage to each 

loading could also be shown. 

Another way to examine the strain gages response was as a function of 

time. For each gage in each specimen, the strain history was plotted versus the 

accumulated time of all loadings. The strain-time histories figures of all gages are 

shown in appendices A, B and C for short, medium and tall specimens, 

respectively. Using these figures, the behavior of each gage with loading could be 
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examined. After studying B2CS figures, it was found that gages 9, 48 and 56 

malfunctioned. Gages 9 and 48 were damaged during the last two loadings (Figs. 

A-3, A-15) while gage 56 was damaged during the last eight loadings (Fig. A-17). 

For B2CM, all the gages provided a good response throughout the loading history 

(Appendix B) except gages 7 and 33. Gage 7 became bad during the last two 

loadings (Fig. B-79) while gage 33 became bad during the last loading (Fig. B-87). 

The strains from gages 62 and 63 are not reliable because their response at specific 

loadings mismatched the seismic loading history (Fig. B-96). After studying B2CT 

figures, it was found that all gages responded to the loadings properly (Appendix 

C) expect gages 5, 7 and 51 which were damaged during the last two loadings 

(Figs. C-2, C-3 and Fig. C-16, respectively) and gage 98 which was not 

responding to the loading properly (Fig. C-31).  

4.4.1.1 Measured Strains in Short Specimen, B2CS 

Studying Tables 4-9 and 4-10 showed that column transverse reinforcement 

did not yield except at gages 65, 70, 75, and 83 where yielding started at the 

loadings of 2.75, 3.25, 2.50, and 2.125 x Sylmar, respectively. Gages 65 and 70 

are located on the east side of the east column base and on the west side of the 

west column base, respectively (Fig. 2-39). Gages 75 and 83 are located on the 

east and west sides, respectively, of the east column at its plastic hinge zone (Fig. 

2-39). 
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For column longitudinal reinforcement, yielding was mainly concentrated 

in the plastic hinge regions and in particular on the west side of the columns. This 

is shown in Tables 4-7 and 4-8 in which gages 18, 20, 26, 34, 42, and 44 (Fig. 2-

38) in east column and gages 22, 24, 29, 30, 31, 32, 37, 38, and 39 (Fig. 2-38) in 

west column yielded at intermediate levels of loadings. The maximum-recorded 

tensile and compressive strains of longitudinal reinforcement were +0.0309 and -

0.0192, respectively in gages 32 and 29 (Fig. 2-38) on the west and east sides of 

the west column, respectively. These levels of strains were almost 14 and 8.5 

times the yield strain, respectively. At these levels of strains, the confined concrete 

was considered intact which indicated that the vertical ultimate strain of the 

confined concrete has not reached yet. The strain-time history of gages 29 and 32 

is shown in Figs 4-62. 

For the hinge dowels at the column-footing interface surface, yielding 

started during 1.40 x Sylmar on the east side of each column base at gages 5 and 7 

(Fig. 2-38). At this level of loading, no spalling or significant cracking was noticed 

at this region. After the loading of 2.75 x Sylmar, the hinge dowels at gages 5 and 

7 reached the maximum strains of + 0.02653 and + 0.03266. These strains were 

almost 12 and 13.5 times the yield strain, respectively. The strain-time history of 

these gages is also shown in Fig. 4-63. The strain profile along the hinge dowels in 

east and west column bases is shown in Fig. 4-64. It was decided to draw only the 

development of strains for the more critical dowels located on the west side of 
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each column base since their tension increases with the dominant direction of the 

earthquake. As can be seen in Fig. 4-64, the hinge dowels in east and west column 

bases were well developed inside the specimen footing because the strain dropped 

dramatically and abruptly as the hinge dowels entered the footing. The maximum 

strains of hinge dowels at column-footing interface dropped by almost 91% and 92 

% in east and west column bases, respectively after the distance of 0.3 times the 

development length inside the footing. Similarly, the hinge dowels inside the 

column bases were also developed. Fig. 4-64 also shows a drop in the dowel strain 

at the column-footing interface as the hinge dowel entered the column. At the 

maximum loading (3.25 x Sylmar), however, the hinge dowel in east column base 

showed poor development. This is shown in the dowels strain increase at 3.25 x 

Sylmar as the dowel enters the column base. This result could be useful for 

investigating the behavior of column bases. 

For the beam longitudinal, no yielding was recorded. The maximum strain 

was +0.0019 in gage 57 on the bottom reinforcement close to the east beam-

column joint (Fig. 2-38). For beam transverse reinforcement, no yielding was also 

recorded where the maximum strain was +0.00087 in gage 110 close to the west 

beam-column joint (Fig. 2-39). The strain-time history of gages 57 and 110 is 

shown in Fig. 4-65. 

In beam-column joints, the transverse reinforcement did not show any 

yielding where the maximum strains were 0.00106 and 0.000686 in east and west 
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beam-column joints, respectively (Tables 4-9 and 4-10). The strain profile of 

beam-column transverse reinforcement is also shown in Fig. 4-66. As can be seen 

in this figure, the maximum strain was almost at mid-height of the beam-column 

joints. This result helps to imagine the flow of forces inside the beam-column 

joints (Sec. 5-7). Similar to the transverse reinforcement, the strain profile of 

longitudinal reinforcement inside the beam-column joints is shown in Fig. 4-67. 

The column longitudinal reinforcement was well developed inside the beam-

column joints because the beam-column interface strains dropped dramatically and 

abruptly after a distance of 0.20 times the total development length as the 

reinforcement entered the beam-column joint.  

4.4.1.2 Measured Strains in Medium Specimen, B2CM 

Studying Tables 4-15 and 4-16 showed that column transverse 

reinforcement did not yield during the loading runs. The maximum-recorded strain 

of transverse reinforcement was +0.0014 in gage 91 on the east side of the east 

column in the plastic hinge zone, and was +0.00084 in gage 90 on the west side of 

the west column in the plastic hinge zone (Fig. 2-35). The strain-time history of 

these gages is also shown in Fig. 4-68. For column longitudinal reinforcement, 

yielding was mainly concentrated at the plastic hinge zones and on both sides of 

each column. This is shown in Tables 4-13 and 4-14. In the east column, the 

maximum-recorded tensile and compressive strains were +0.04048 and –0.04023 

in gages 40 and 37 on west and east sides, respectively. The strain-time history of 
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these gages is also shown in Fig. 4-69. In the west column, the maximum-recorded 

tensile and compressive strains were +0.0403 and -0.0403 in gages 50 and 33 on 

west and east sides, respectively. The strain-time history of these gages is also 

shown in Fig. 4-70. At the location of gage 33, the column longitudinal 

reinforcement started to buckle after 3.0 x Sylmar (Fig. 4-38) leaving a little gap in 

front of the confined core. This is an indication that the confined concrete strength 

started to degrade at this level of strain and loading.  

For the hinge dowels at the column-footing interface, yielding started at an 

early loading of 0.50 x Sylmar at gage 7 (Table 4-14a) on the east side of the west 

column base (the gages at the east column base were bad gages). At this level of 

loading, no spalling or significant cracking was noticed at this region. The strain 

profile along the hinge dowel on the west side of the west column base is shown in 

Fig. 4-71. As can be seen, the hinge dowel is well developed inside the column 

base. The maximum interface strain at 3.0 x Sylmar dropped by 88 % at the 

distance of 0.24 x the dowel development length.  

For beam reinforcement, the longitudinal rebar yielded after 3.0 x Sylmar 

with the maximum strain of 0.00226 in gage 4 on the top reinforcement close to 

the west beam-column joint (Fig. 2-34), while the transverse reinforcement did not 

yield (Tables 4-17 and 4-18).  

For beam-column joints, the transverse reinforcement did not yield where 

the maximum strain was 0.00052 in gage 97 in the east beam-column joint (Fig. 2-
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35). The strain profile of transverse reinforcement inside the beam-column joints 

is shown in Fig. 4-72. The strain profile of longitudinal reinforcement through the 

beam-column joints is also shown in Fig. 4-73. As can be seen, although the 

longitudinal reinforcement reached high levels of strain at the beam-column 

interface, these strains dropped significantly as the reinforcement entered the 

beam-column joints. This is an indication that column longitudinal reinforcement 

was well developed inside the beam-column joints.      

4.4.1.3 Measured Strains in Tall Specimen, B2CT 

Studying Tables 4-21 and 4-22 showed that columns transverse 

reinforcement did not yield during the loading runs. The maximum-recorded strain 

for transverse reinforcement was +0.00135 in gage 94 on the east side of the west 

column in plastic hinge zone (Fig. 2-35). For column longitudinal reinforcement, 

yielding was mainly concentrated at plastic hinge zones and on both sides of each 

column. This is shown in Tables 4-19 and 4-20. In the east column, the maximum-

recorded tensile and compressive strains were +0.04043 and –0.02461 in gages 38 

and 29 on the west and east sides, respectively; these strains are almost 18 and 11 

times the yield strain, respectively. The strain-time history of these gages is shown 

in Fig. 4-74. In the west column, the maximum-recorded tensile and compressive 

strains were +0.0404 and -0.0426 in gages 34 and 41 on west and east sides, 

respectively (Fig. 2-34). These strains are almost 18 and 19 times the yield strain, 

respectively. The strain-time history of these gages is shown in Fig. 4-75. In both 
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columns, the maximum compressive strain in longitudinal reinforcement indicated 

the maximum vertical compressive strain at the periphery of the confined concrete 

core. This shows that the maximum vertical compressive strain in the confined 

concrete core in both columns was almost -0.0426 (gage 41 on east side of west 

column). It is important to note that at the maximum loading of 2.75 x Sylmar, the 

confined concrete was considered intact (Figs. 4-58 and 4-59) which indicated that 

the concrete ultimate vertical compressive strain has not reached. This confirms 

that the ultimate vertical strain of the confined concrete core could be more than – 

0.0426 strains. 

For the hinge dowels (Fig. 2-34) at the column-footing interface, yielding 

started at an early loading of 0.25 x Sylmar at gage 8 (Table 4-20a) on the west 

side of the west column base. At this level of loading, no spalling or significant 

cracking was observed at this region. The maximum strains of hinge dowels at 

column-footing interface were 0.04409 and 0.04327 after 3.0 x Sylmar in gages 5 

and 7 on the east sides of the east and west column bases, respectively. These 

strains are almost 20 and 19 times the yield strain, respectively. The strain-time 

history of these gages is also shown in Fig. 4-76. The strain profile along the hinge 

dowels on the east side of both column bases is shown in Fig. 4-77.  As can be 

seen, the hinge dowels are well developed inside the column base because the 

strain dropped abruptly and dramatically as the hinge dowels entered the column 

base. The maximum interface strain at the maximum loading dropped by almost 
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96 % in both column bases after the distance of 0.24 x the dowels development 

length. 

For the beam reinforcement (Tables 4-23 and 4-24), the longitudinal 

reinforcement yielded at three locations. The first yielding occurred after 1.0 x 

Sylmar in gage 65 on the bottom reinforcement in the east beam-column joint and 

the maximum strain in this gage was 0.0052 after 2.75 x Sylmar. The second 

yielding occurred after 1.25 x Sylmar in gage 67 on the bottom reinforcement in 

the west beam-column joint and the maximum strain in this gage was 0.00314 

after 2.0 x Sylmar. The third yielding occurred after 2.0 x Sylmar in gage 61 on 

the bottom reinforcement near the east beam-column joint and the maximum strain 

in this gage was 0.00321 after 2.75 x Sylmar. For the beam transverse 

reinforcement, however, no yielding was measured where the maximum-recorded 

strain was 0.000767 after 2.25 x Sylmar in gage 111 on the west beam-column 

joint (Table 4-24). 

For beam-column joints, the transverse reinforcement did not yield where 

the maximum strain was 0.00045 in gage 101 in the east beam-column joint (Fig. 

2-35). The strain profile of transverse reinforcement inside the beam-column joints 

is shown in Fig. 4-78. As can bean seen, the location of extreme strains in 

transverse reinforcement is close to the quarter depth of the beam-column joint 

from the bottom. This result could be useful in knowing the flow of forces inside 

the beam-column joints (Sec. 5-7). The strain profile of longitudinal reinforcement 
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through the beam-column joints is also shown in Fig. 4-79. (The west beam-

column joint is not shown because all longitudinal reinforcement gages in this 

joint malfunctioned). As can be seen, although the longitudinal reinforcement 

reached high levels of strains at the beam-column interface, these strains dropped 

significantly as the reinforcement entered the beam-column joint. The maximum 

strain on longitudinal reinforcement at beam-column interface dropped by 56 % at 

the distance of 0.20 x the development length. This is an indication that column 

longitudinal reinforcement was well developed inside the beam-column joints.      

4.4.2 Strain-Displacement Profile 

The strain-displacement profile at a specific location of reinforcement is the 

relationship between the maximum strain generated at a specific loading and the 

maximum displacement that the specimen reached at the same loading. It is 

expected to generally have a direct increase in strain as the loading increases. If 

the reinforcement strain in not responding directly to the loading as the specimen 

displacement increases, the gage could be damaged or the bar where this gage at 

could experience some slippage. To investigate reinforcement slippage, strain-

displacement profiles are plotted for the longitudinal reinforcement at beam-

column and at column-footing interfaces. 

4.4.2.1 Strain-Displacement Profile in B2CS 

Figs. 4-80 and 4-81 show the strain-displacement profiles for the column 

longitudinal reinforcement at the beam-column interfaces (see Fig. 2-38). 
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Although the strains in this reinforcement at these locations were relatively high 

(maximum strain is almost 12 times the yield strain), no slippage was shown 

because the gages were responding properly to the loading as the specimen 

displacement increased (represented as a drift ratio). Figs. 4-82 and 4-83 show the 

strain-displacement profiles for the hinge dowels at the column-footing interfaces 

(see Fig. 2-38). For east column-footing interface, slippage started in gage 5 on the 

east side after 2.625 x Sylmar and at the drift level of 4.4 % (Fig. 4-82). At this 

slippage, the reinforcement strain reached almost 12 times its yield strain. For 

gage 6 on the west side of east column base, slippage started after 2.5 x Sylmar 

and at the drift level of 3.9 % (Fig. 4-82). At this slippage, the reinforcement strain 

reached almost 6 times its yield strain (Fig. 4-82). For west column-footing 

interface, slippage started at gage 7 on the east side after 2.625 x Sylmar and drift 

level of 4.4 % (Fig. 4-83). At this slippage, the reinforcement strain reached 

almost 15 times its yield strain. For gage 8 on the west side, slippage started after 

2.375x Sylmar and drift ratio of 3.4 % (Fig. 4-83). At this slippage, the 

reinforcement strain reached almost 5 times its yield strain. It is important to note 

that slippage at hinge dowels were completely yielded.  

4.4.2.2 Strain-Displacement Profile in B2CM 

Figs. 4-84 to 4-86 show the strain-displacement profiles for the column 

longitudinal reinforcement at the beam-column interfaces (see Fig. 2-34). For the 

west beam-column interface, slippage started at gage 52 (Fig. 4-86) on the west 
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side after 2.5 x Sylmar. At this slippage, the specimen reached the drift level of 6.6 

% and the reinforcement strain at this gage reached almost 13 times its yield 

strain. For the east beam-column interface, slippage started at gage 47 (Fig. 4-85) 

on the east side of the column after 2.75 x Sylmar. At this slippage, the specimen 

reached the drift ratio of 8 % and the reinforcement strain at this gage reached 

almost 5 times its yield strain. Fig. 4-87 shows the strain-displacement profiles of 

the hinge dowels at west column base (Fig. 2-34). As can be seen in Fig. 4-87, 

slippage started at gage 8 on the west side after 2.75 x Sylmar and after the 

specimen reached the drift ratio of 8 %. At this slippage, the reinforcement strain 

at this gage reached almost 18 times the yield strain. For dowels on the east side of 

the west column base (gage 7), no slippage was recorded. For east column-footing 

interface, the two gages at this location were bad, so no behavior was concluded 

on this side. 

4.4.2.3 Strain-Displacement Profile in B2CT 

Figs. 4-88 to 4-90 show the strain-displacement profiles for the column 

longitudinal reinforcement at the beam-column interfaces (see Fig. 2-34). As 

shown in these figures, no slippage was seen at the east and west beam-column 

interfaces. Figs. 4-91 to 4-92 show the strain-displacement profiles of hinge 

dowels. For east column-footing interface, no slippage was recorded at the hinge 

dowels. However, for west column-footing interface, the hinge dowel at gage 8 

experienced slippage after 1.25 x Sylmar. At this slippage, the specimen reached 
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the drift ratio of 2.25 % and the hinge dowel reached almost 15 times its yield 

strain (Fig. 4-92). 

4.4.3 Measured Accelerations and Displacements  

Each specimen was provided with instruments for measuring displacements 

and accelerations in both in-plane and out-of-plane directions (Fig. 2-43 and 2-44). 

Displacements and accelerations are indirectly used to plot the load-displacement 

hystereses. In the load-displacement plot, the x-axis represents the specimen 

relative displacement, which is calculated by deducting the shake-table 

displacement from the specimen total displacement. The y-axis represents the 

specimen total resisting force, which is calculated by multiplying the specimen 

total acceleration by the dynamic mass. The equivalent dynamic mass of the 

specimen is the mass of the superstructure represented by the specimen cap-beam 

loaded with the attached lead buckets (Fig. 2-14) in addition to half of the weight 

of the specimen columns. The total weight of these loads is 74.5 k (332.7 kN) 

(section 2.4). The main purpose of load-displacement plots is to determine the 

strength and stiffness degradation of the specimen after successive loadings and to 

show the levels of ductility and damping that the specimen reached. 

4.4.3.1 Short Specimen, B2CS 

Figs. 4-93 to 4-109 show the load-displacement hystereses curves at each 

loading run for the short specimen B2CS. From these figures, the maximum 

resisting force and the corresponding lateral displacement at each loading run were 
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determined as shown in Table 4-25. At 3.25 x Sylmar, the maximum lateral 

displacement was 2.27” (57 mm) and the corresponding resisting force was 65 

kips (289 kN) while the maximum resisting force was 92 kips (409 kN) and the 

corresponding lateral displacement was 1.125” (28 mm). Table 4-26 was also 

developed from the load-displacement hystereses. Each hysetersis curve at each 

loading run was represented by an equivalent line using the linear curve fitting, 

then the chord stiffness is calculated as the slope of this line. From the specimen 

chord stiffness at each loading, the specimen corresponding frequencies were 

calculated. Table 4-26 shows a clear stiffness degradation after 1.75 x Sylmar.  

The envelope of the maximum load and the corresponding displacement is 

shown in Fig. 4-110. This envelope is idealized by a bilinear curve (Fig. 4-111). 

The areas under both idealized and actual curves are the same. From the idealized 

curve, the points of yield and maximum displacements are determined as shown in 

Table 4-31. In this table, the specimen reached the displacement ductility of 4.0. 

At this point, the load degraded to 85 % of the maximum load.  

In addition to the previous plots, the history of specimen displacement and 

the generated forces were plotted to show the change in lateral displacement and 

resisting force with time and to determine the increase in the residual displacement 

as the loading increased. Figs. 4-112 and 4-113 show the history of lateral 

displacement and resisting force, respectively under the seventeen loading runs. 

The residual displacement shown in Fig. 4-112 reached its maximum value of 
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0.745 inches toward the west direction, after the 3.25 x Sylmar loading. It is also 

shown in Fig. 4-113 that in most earthquake loadings, the resisting force did not 

increase as the loading level increased. This was caused by plastic hinging of the 

columns and by shifting of the specimen natural frequency within the content of 

the earthquake. 

4.4.3.2 Medium Specimen, B2CM 

For medium specimen B2CM, the load-displacement hysterses curves at 

each loading run are shown in Figs. 4-114 to 4-128. From these figures, the points 

of peak displacements and peak forces were calculated as shown in Table 4-27. At 

3.0 x Sylmar, the maximum lateral displacement was 6.34” (159 mm) and the 

corresponding resisting force was 45 kips (200 KN) while the maximum resisting 

force was 49 kips (218 mm) and the corresponding lateral displacement was 5.5” 

(138 mm). Table 4-28 developed from the load-displacement hystereses shows the 

specimen chord stiffness and the corresponding frequency at each loading. Table 

4-28 also shows a clear stiffness degradation after 0.5 x Sylmar.  

The envelope of the maximum load and the corresponding displacement is 

shown in Fig. 4-129. This envelope is idealized by a bilinear curve (Fig. 4-130). 

The areas under both idealized and actual curves are the same. From the idealized 

curve, the points of yield and maximum displacements are determined as shown in 

Table 4-31. In this table, the specimen reached the displacement ductility of 6.0. 

At this point, the load had degraded to 85 % of the maximum. 
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In addition to the plots of load-displacement hystereses, the history of 

displacement and lateral forces were plotted to show the change in lateral 

displacement and resisting force with time and to determine the increase in the 

residual displacement as the loading increased. Figs. 4-131 and 4-132 show the 

history of lateral displacement and resisting force, respectively under the fifteen 

loading runs. The residual displacement reached a maximum value of 1.7” (43 

mm), toward the west direction, after 3.0 x Sylmar. 

4.4.3.3 Tall Specimen, B2CT 

For tall specimen B2CT, the load-displacement hystereses curves at each 

loading are shown in Figs. 4-133 to 4-146. From these figures, the points of peak 

displacements and peak forces at each loading were calculated as shown in Table 

4-29. At 2.75 x Sylmar, the maximum lateral displacement was 10.0” (250 mm) 

and the corresponding resisting force was 27.5 kips (122 KN) while the maximum 

resisting force was 33.23 kips (148 KN) and the corresponding lateral 

displacement was 7.5” (188 mm). Table 4-30 developed from the load-

displacement hystereses shows the specimen chord stiffness and the corresponding 

frequency at each loading. Table 4-30 also shows a clear stiffness degradation 

after the loading of 0.2 x Sylmar. 

The envelope of the maximum load and the corresponding displacement is 

shown in Fig. 4-147. This envelope is idealized by a bilinear curve (Fig. 4-148). 

The areas under both idealized and actual curves are the same. From the idealized 
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curve, the points of yield and maximum displacements are determined as shown in 

Table 4-31. In this table, the tall specimen reached the displacement ductility of 

8.0. At this point, the load had degraded to 85 % of the maximum. 

In addition to the plots of load-displacement hystereses, the history of 

displacement and lateral forces were plotted to show the change in lateral 

displacement and resisting force with time and to determine the increase in the 

residual displacement as the loading increased. Figs. 4-149 and 4-150 show the 

history of lateral displacement and resisting force, respectively under the fourteen 

loading runs. The residual displacement reached its maximum value of 2.7 inches 

toward the west direction, after 3.0 x Sylmar.  

4.4.4 Measured Curvature  

For each specimen, the curvature instruments were installed in three 

locations: at the expected plastic hinge zones of each column, at each column 

base, and at each cap-beam maximum moment location. The way of calculating 

curvature using these instruments is shown in Fig. 2-40. From these 

measurements, the concrete surface strains can also be calculated. The level of 

curvature at each section is related to the yield curvature at the same section. For 

sections where yield curvature can not be easily calculated experimentally, the 

yield curvature is calculated analytically and added to each figure in the form of 

dashed lines. 
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4.4.4.1 Measured Curvatures in Specimen B2CS 

For curvature in plastic hinge regions, Figs. 4-151 and 4-152 show the 

maximum curvatures at each loading for east and west columns, respectively. In 

these figures, a special sign convention was taken; the positive curvature was 

measured when the specimen reached its maximum displacement toward the west 

direction and vice versa. For the purpose of clarity, each figure was divided into 

two parts: one for the first eight loadings and the second part for the last loadings. 

It is shown in these figures that positive curvatures are relatively larger than the 

negative ones. This was because the major tendency of the Sylmar record was 

toward the west direction. The curvature profiles were also as predicted. This was 

shown in the direct relation between curvatures and both of maximum moments. 

For the east column (Fig. 4-151), yielding started in plastic hinge zone at 2” (50 

mm) down the beam-column interface after 0.50 x Sylmar while after 1.75 x 

Sylmar, yielding covered a larger distance of 14” (350 mm) from the beam-

column interface. For the west column (Fig. 4-152), yielding started in plastic 

hinge zone after 1.0 x Sylmar, at 2” (50 mm) down the beam-column interface 

while after 2.75 x Sylmar, the yielding covered a larger distance of 14” (350 mm) 

down the beam-column interface. This distance is the same as the column 

diameter and is called the plastic hinge region.  

For column bases, Figs. 4-153 and 4-154 show the maximum curvatures 

generated at the seventeen seismic loadings for the east and west columns, 
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respectively. At the east column base (Fig. 4-153), the maximum curvature was 

almost 1.5 times the maximum curvature at the column plastic hinge zone (Fig. 4-

151). Similarly, the maximum curvature at the west column base (Fig. 4-154) was 

almost 2.0 times the maximum curvature at the column plastic hinge zone (Fig. 4-

152). The high curvature values at column bases were an indication of the cross-

section weakness, which allowed more rotation at the column bases. The yield 

curvature of the column-base section can be calculated experimentally. It is the 

curvature value corresponded to the loading at which the first yielding in the hinge 

dowels started. In Tables 4-7a and 4-8a, the hinge dowels on the east side of both 

column bases at column-footing interface (gages 5 and 7) started yielding at the 

loading of 1.40 x Sylmar. At this loading, the measured curvature at both east and 

west column bases was almost 0.002 rad/in. (0.08 rad/m). After this value of yield 

curvature, the plastic rotations started to form at each column base. At each 

loading, the plastic curvature can be calculated by subtracting the yield curvature 

value from the total curvature. Based on this, the column base rotations after 

yielding can be calculated by multiplying the plastic curvature with the measured-

curvature depth at the column-footing interface (almost 4”(100 mm)). This ends 

up with the maximum rotations of 0.034 and 0.044 rad at the east and west column 

bases, respectively. It is important to note that these rotations are much less than 

the rotations required to close the hinge gap at the column bases (≈ 0.07 rad as a 

minimum). This assures that the hinge gap at each column base did not close 
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during testing. This means that the failure on the west side of the west column 

base (Fig. 4-12) is referred to another mechanism. The high compression at the 

west column base in addition to the lack of confinement at the hinge gap could be 

the reason of the hinge failure on the west side of the west column. The detailed 

analysis interpreting this failure is discussed in chapter 5 (section 5.5.3.1).     

For the cap-beam, Figs. 4-155 and 4-156 show the maximum curvatures as 

a function of the seventeen seismic loadings for the beam critical-sections on the 

east and west sides, respectively. The yield curvature of the beam cross-section is 

determined analytically (since it is hard to be determined experimentally) and is 

represented as a dashed line in the same plot. The beams were expected to 

experience curvatures lower than the yielding curvature. This is because the beam 

longitudinal reinforcement did not yield (Table 4-11). The beam curvatures at 

critical cross-sections on the west side, however, became higher than the 

analytically calculated yield curvature after 1.25 x Sylmar (Fig. 4-156). This does 

not mean yielding in the beam cross-section as it appears because the curvature 

after the yield limit does not increase as the loading increases. The reason of this 

disagreement between analytical and experimental curvatures could be because of 

the approximation in calculating the yield curvature. 

4.4.4.2 Measured Curvatures in Specimen B2CM 

For curvatures in plastic hinge zones, Figs. 4-157 and 4-158 show the 

maximum curvatures at each loading for east and west columns, respectively. For 
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the purpose of clarity, each figure was divided into two parts: one for the first 

seven loadings and the second part for the last loadings. Unlike the short 

specimen, the tendency of the curvature toward the west side only occurred at high 

levels of loadings. The maximum curvature values were also higher than that in 

the short specimen. For example, after 3.0 x Sylmar, the maximum curvature of 

the west column was almost 2.25 times that in the short specimen. In east column, 

after 3.0 x Sylmar, the maximum curvature was almost 2.70 times that in the short 

specimen. Relating to the yield curvature (dashed lines in Figs. 4-157 and 4-158), 

the yielding covered the 14”(350 mm)-distance near to the column top (this 

distance is called the plastic hinge zone) in the east and west columns after 1.25 

and 1.0 x Sylmar, respectively. 

For columns bases, Figs. 4-159 and 4-160 show the maximum curvatures 

for the east and west columns, respectively. Compared with the short specimen, 

the values of the maximum curvature were much higher because of the higher 

specimen flexibility. For example, at east column base (Fig. 4-159), the maximum 

curvature after 3.0 x Sylmar was almost 2.0 times that in short specimen (Fig. 4-

153). At west column base (Fig. 4-160), the maximum curvature after 3.0 x 

Sylmar was almost 2.4 times that in the short specimen (Fig. 4-154). Compared 

with curvatures in the plastic hinge zones of both medium columns, the base 

curvatures were also higher. For instance, after 3.0 x Sylmar, the maximum 

curvature at east column base was almost 1.50 times that at the plastic hinge zone 
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of the same column (Fig. 4-157). For west column base (Fig. 4-160) and after 3.0 

x Sylmar, the maximum curvature was almost 1.5 times that at plastic hinge zone 

of the same column (Fig. 4-158). The high curvature values at column bases were 

an indication of the gap and cross-section weakness, which allowed more rotation 

at the bases. The yield curvature of the column-base section can be calculated 

experimentally. It is the curvature corresponding to the loading at which the first 

yielding of the hinge dowel started. In Table 4-14a, the hinge dowel on the east 

side of the west column base at column footing interface (gage 7) started yielding 

at 0.5 x Sylmar. At this loading, the measure curvature at both east and west 

column bases was almost 0.00165 rad/in. (0.067 rad/m). After this value, plastic 

rotations started to form at each column base. At each loading, the plastic 

curvature can be calculated by subtracting the yield curvature value from the total 

curvature. Based on this, the base rotations after yielding can be easily calculated 

by multiplying the plastic curvature with the measured-curvature depth at the 

column bases (almost 4”(100 mm)). This ends up with the maximum rotations of 

0.09 and 0.098 rad at the east and west column bases, respectively. It is important 

to note that these rotations are around the rotation required to close the hinge gap 

at the column bases (≈ 0.07 rad as a minimum). This shows a possibility of closing 

the hinge gap in east and west column bases during specimen testing.  

For the cap beam, Figs. 4-161 and 4-162 show the maximum curvatures at 

each loading. The beam curvatures shown in these figures became smaller than 

62
 



 

 

 

 

 

 

  

 

 

 

that in the short specimen. For example, the maximum curvature on west side of 

the cap beam was almost 0.06 times that in the short specimen. This reduction in 

curvature was due to the reduction in columns to beam stiffness ratio as the 

column heights increased in the medium specimen. The yield curvature of the 

beam cross-section is determined analytically (since it is hard to be determined 

experimentally) and is represented as a dashed line in the same plot. As seen in 

Figs. 4-161 and 4-162, the beam curvatures at east and west sides are much less 

than the yield curvature. This is also shown in the beam longitudinal 

reinforcement, which did not yield during the maximum excitation (Table 4-17). 

4.4.4.3 Measured Curvatures in Specimen B2CT 

For curvatures in plastic hinge regions, Figs. 4-163 and 4-164 show the 

maximum curvatures at each loading for east and west columns, respectively. The 

curvatures on the west side of each column were relatively larger than that on the 

east side. Unlike the short columns, the tendency of the curvature toward the west 

side only occured at the higher levels of loadings (after 2.5 x Sylmar).  

For columns bases, Figs. 4-165 and 4-166 show the maximum curvatures at 

east and west column bases, respectively. The values of the maximum curvatures 

were fairly close to that in the medium specimen. The yield curvature of the 

column-base section can be calculated experimentally. It is the curvature 

corresponding to the loading at which the first yielding of the hinge dowel started. 

In Tables 4-19a and 4-20a, the hinge dowels on the east side of east and west 
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column bases at column footing interface (gages 5 and 7) started yielding at 0.5 x 

Sylmar. At this loading, the measured curvature was almost 0.0025 rad/in. (0.10 

rad/m). After this value of yield curvature, plastic rotations started to form at each 

column base. At each loading, the plastic curvature can be calculated by 

subtracting the yield curvature value from the total curvature. Based on this, the 

base rotations after yielding can be calculated by multiplying the plastic curvature 

with the measured-curvature depth at the column bases (almost 4”(100 mm)). This 

ends up with the maximum plastic rotations of 0.088 and 0.096 rad at the east and 

west column bases, respectively. It is important to note that these rotations are 

around the rotation required to close the hinge gap at the column bases (≈ 0.07 rad 

as a minimum). This shows a possibility of closing the hinge gap in east and west 

column bases during specimen testing. 

For cap beam, Figs. 4-167 and 4-168 show the maximum curvatures at 

beam critical sections on east and west sides, respectively. Similar to the medium 

specimen, the beam curvatures were far below the yield curvatures due to the 

reduction in column stiffness relative to the cap beam stiffness as the column 

height increases. 

4.4.5 Out-Of-Plane Behavior 

Each specimen was tested dynamically by shaking in its in-plane direction, 

which was considered the transverse direction of the overall bridge. In addition to 

the specimen in-plane response, some out-of-plane responses were expected, 
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especially in the medium and tall specimens whose out-of-plane stability was 

highly critical. Additional accelerometers and potentiometers were installed to 

measure the out-of-plane resisting forces and displacements, respectively. Figs. 2-

43 to 2-44 show the instrumentation layout for the three specimens For the short 

specimen B2CS, the average out-of-plane displacement was determined using one 

instrument attached to the bent-cap concrete (Fig. 2-43) while for specimens 

B2CM and B2CT (Fig. 2-44), the average out-of-plane displacement and rotation 

were determined using two instruments attached to the bent cap at 10’ (3048 mm) 

apart. The out-of-plane acceleration was also measured using an additional 

accelerometer directed toward the north-south direction and fixed to the bent-cap 

concrete in each specimen. 

4.4.5.1 Specimen B2CS 

In this specimen, the out-of-plane displacement and resisting force histories 

were plotted to show the change in lateral responses as the loading increased and 

to determine the time and loadings at which the specimen leaned or became 

laterally unstable. Figs. 4-169 and 4-170 show the history of displacement and 

resisting forces, respectively. The lateral displacement was measured directly as 

the total out-of-plane displacements. The total resisting force was calculated 

indirectly after multiplying the specimen out-of-plane total acceleration by the 

specimen dynamic mass (section 4.4.3). From these figures, the maximum residual 

displacement was 0.08 inches toward the north direction and the maximum 
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resisting force was 10 kips (44.5 kN) after the loading of 3.25 x Sylmar. These 

results are useful in determining the maximum out-of-plane moments on column 

bases. They can be calculated as the maximum resisting force times the distance 

from the dynamic mass center to column-footing interface. This ends up with 280 

k.in (31 kN.m) maximum out-of-plane moment on each column base. The out-of-

plane P-delta effect can also be added by multiplying the maximum out-of-plane 

displacement times the specimen weight after adding a reasonable impact factor 

(25 %). This ends up with an additional out-of-plane moment of 7.45 k.in (0.825 

kN.m) on each column base. It is important to note that these out-of-plane 

moments on each column base were significant since they are very close to the 

column-base flexural capacity. It is also important to note that this out-of-plane 

moment works in the phase with the maximum in-plane actions.  

4.4.5.2 Specimen B2CM 

Similar to the short specimen, Figs. 4-171 and 4-172 show the history of 

out-of-plane displacements and resisting forces, respectively. From these figures, 

the maximum residual displacements were 1.18” (30 mm) and 3.27” (82 mm) 

toward the north direction after the loadings of 2.5 and 2.75 times Sylmar, 

respectively. The maximum recorded resisting force was 4.0 kips (17.8 kN) at the 

loading of 3.0 x Sylmar. These results are useful in determining the maximum out-

of-plane moments on column bases. The method used in short specimen for 

calculating out-of-plane base moments can also be used in this specimen but not 
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after the loading of 2.75 x Sylmar since after this loading the specimen leaned out-

of-plane and rested on the steel frame (Fig. 4-35). During 2.75 x Sylmar, the out-

of-plane displacement, corresponding to the maximum in-plane accelerations, was 

0.375” (9 mm) and the corresponding out-of-plane resisting force was 0.75 kips 

(3.35 kN). This caused a total out-of plane moment of 49 k.in (5.45 kN.m) on each 

column base. This moment works in the same phase with the in-plane moments 

acting at the specimen bases. 

4.4.5.3 Specimen B2CT 

Figs. 4-173 and 4-174 show the history of out-of-plane displacements and 

resisting forces, respectively. From these figures, the maximum residual 

displacements were 1.45” (36 mm) and 7.8” (195 mm) toward the north direction 

at the loadings of 2.25 and 2.5 x Sylmar, respectively. The maximum recorded 

resisting force was 5 kips (22.25 kN) at the loading of 2.75 x Sylmar. These results 

are useful in determining the maximum out-of-plane moments on column bases. 

The method used in short specimen for calculating out-of-plane base moments can 

also be used in this specimen but not after the loading of 2.5 x Sylmar since after 

this loading the specimen leaned out-of-plane and rested on the steel frame (Fig. 4-

53). During 2.5 x Sylmar, the out-of-plane displacement corresponding to the 

specimen maximum in-plane accelerations was 0.75” (19 mm) and the 

corresponding out-of-plane resisting force was 2.4 kips (10.8 kN). This caused a 

total out-of plane moment of 172 k.in (19 kN.m) on each column base. This 
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moment is significant compared with the flexural capacity of the column bases, so 

it should be considered when analyzing the column bases. 

4.4.6 Measured Behavior of Column Bases 

The details of hinge keys in column bases for the three specimens were 

discussed in chapter 2. At each column base, the hinge key was formed by 

reducing the column cross-section by 29 % to 10” (250 mm). This reduced cross-

section had a thickness of 0.5” (13 mm), and is called the hinge gap. Closing this 

hinge gap during specimen testing is not desirable since it can create complicated 

modes of failure. To investigate whether the hinge gap closed during testing, the 

readings of the vertical instruments (Novotechnicks instruments, Figs. 2-41 and 2-

42) at the column bases were checked as the loading increased. Using these 

readings, the value of gap compression at each column base was calculated. It was 

decided to investigate the hinge gap closure on the west side of the west column 

base since damage in this region for each specimen (as shown in Figs. 4-12, 4-39 

and 4-60, for short, medium, and tall specimens, respectively) could be the result 

of the hinge gap closure. Fig. 4-175 shows the compression of the gap end on the 

west side of the west column base in each specimen as a function of the increase in 

loading (represented by the increases in specimen displacement). Fig. 4-175 shows 

a direct relation between the two variables, which indicated that there was enough 

room for the vertical instrument to get compressed freely. This result confirms that 

hinge gap did not close during the testing of the three specimens. The failure 
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occurred on the west side of the west column base in each specimen could be 

referred to the lack of the hinge confinement in addition to the high compression 

in the west column base (section 5.5.3.1).  

4.4.7 Sliding at Column Bases 

As observed in the tall and medium specimens, the column base sliding was 

not significant whereas in the short specimen the column base sliding was evident 

at the east column base (Fig. 4-13) where the level of axial force was reduced as a 

result of the seismic overturning moment. The measured relationships between the 

shear forces transferred at the specimen column bases and the corresponding 

sliding displacements can show the actual shear-friction mechanism at column 

bases. This can help in modeling this kind of behavior. Sliding at each column 

base was measured by a Novotechnick instrument attached at each column base 

(Figs. 2-41 and 2-42), whereas the shear force carried by each column was not 

directly calculated. Since the specimen structure is indeterminate, the total seismic 

force is approximately distributed between the two columns from the structural 

equilibrium after forming the column plastic hinges. The flexural capacity of the 

column top and bottom sections were calculated analytically, and the 

corresponding shear and axial forces carried by each column were calculated from 

equilibrium (Table 5-4). Figs. 4-176, 4-177 and 4-178 show the shear-slippage 

envelopes calculated for the short, medium and tall specimens, respectively. Since 

the flexural behavior was dominant in the tall and medium specimens, the column 
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base sliding was too small (0.2” (5 mm) for medium specimen and 0.1” (3 mm) 

for tall specimen). The shear-sliding hysteretic loops were also stable (no strength 

degradation). For the short specimen (Fig. 4-176), however, the shear demand was 

so high that it caused noticeable sliding at the east column base (0.55” (14 mm)). 

The residual displacement of this sliding is also shown in Fig. 4-13. As shown in 

Fig. 4-176a, the shear-sliding resistance was increasing at the east column base till 

the sliding displacement reaches 0.25” (6 mm). After this displacement, the shear 

strength started to degrade. The strength degradation after exceeding this 

displacement could be the result of destroying the aggregate interlocking at the 

column-footing interface (see section 5.5.3.1 for more analysis details). At the 

west column base (Fig. 4-176b), the behavior was different. Although the base 

sliding was small (0.1” (3 mm)), there was clear strength degradation. This 

reduction in shear strength could be due to the concrete failure on the west side of 

the west column base after the last loading run (Fig. 4-12) as a result of the 

confinement shortage at the column base. The analytical details interpreting this 

failure are shown in chapter 5, section 5.5.3.1.  
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CHAPTER 5
 

SPECIMEN MODELING AND ANALYTICAL RESULTS  


5.1 Introduction 

This chapter shows how experimental results can be predicted analytically. 

Two analytical models were used to analyze the three specimens statically and 

dynamically. The first model was the lumped plasticity model in which 

concentrated flexural and shear springs were used to model the inelastic behavior 

at the critical column cross-sections. This model was used to perform the push

over analysis for each specimen to predict the specimen force and displacement 

capacities. It was also used for dynamic analysis. In the dynamic analysis, each 

specimen was subjected to seismic loadings and the seismic hysteretic loops were 

predicted using stiffness and strength degradation factors.  

The second analytical model was a strut-and-tie model in which the flow of 

forces inside each specimen body was simulated as a combination of concrete 

struts and steel ties. This model helped to understand the experimental results, 

especially in the D-regions (discontinuity region) of each specimen (beam-column 

joints, column plastic hinges and column hinge bases). It also helped to determine 

the maximum lateral capacity of each specimen. 

In both analytical models, material properties for both concrete and steel 

were modified to account for the dynamic loading effect. 
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5.2 Strain Rate Effect 

To analyze column and beam cross-sections, the actual concrete and steel 

properties had to be determined. To get these properties, concrete cylinders and 

steel samples were taken from each specimen. The concrete cylinders were tested 

at 7 days and 28 days, and on the day of test (Sec. 3-5). The results shown in 

Tables 3-1 and 3-2 were from static-loadings tests (low strain-rate loadings), 

whereas, in reality each specimen was tested dynamically causing high rates of 

strains for both concrete and steel. The way of calculating the effect of dynamic 

loading on the concrete and steel properties was investigated in a study by 

Shrikrishna and Shah13. Three logarithmic equations were adopted for determining 

the effect of strain rate. Equations 5.1 and 5.2 were used to determine the increase 

in steel yield strength (α Steel) as a result of the strain rate effect.  

for fy = 45 ksi  (5.1)α Steel=0.0124 ln(ε·)+0.9632 

and 

for fy = 75 ksi  (5.2)α Steel =0.0328 ln(ε·)+0.9873 

where ε· is the maximum strain rate in the reinforcement. 

Equation 5.3 was for determining the increase in concrete compressive 

strength (α Concrete) as a result of the strain rate effect.  

(5.3)α Concrete =0.0222 ln(ε·)+0.9973 
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where ε· is the maximum strain rate in the concrete. The strain rate was 

determined by Shrikrishna and Shah from the curvature rate of critical sections by 

multiplying the curvature rate times the distance from the section neutral axis to 

the each cross-section layer13. In the current research, the strain rate was 

determined directly from the gage strain history generated in the steel bars of the 

column and beam critical sections. Figs. 5-1 and 5-2 show the locations of the 

strain gages chosen to determine the strain rate effect on steel and concrete 

strengths in the three specimens. Since the seismic loading had a dominant 

direction, there were sides in the specimen where either tension or compression 

was dominant. On the side where tension was dominant, the strain gages were 

chosen to calculate the strain rate effect of the steel, while on the sides where 

compression is dominant the strain gages were chosen to calculate the strain rate 

effect on concrete strength. For example, in the short specimen B2CS (Fig. 5-1), 

gages 26 and 28, and gages 30 and 32 were chosen to determine the strain rate 

effect on the yield strength of column longitudinal reinforcement at critical 

sections of east and west columns, respectively. Similarly, gages 25 and 27, and 

gages 29 and 31 were chosen to determine the strain rate effect on the concrete 

compressive strengths at critical sections of east and west columns, respectively. 

For column bases, gages 5 and 7 were chosen to determine the strain rate effect on 

the yield strength of hinge dowels at east and west column bases, respectively. 

Gages 6 and 8 were chosen to determine the strain rate effect on the concrete 
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compressive strength at east and west column bases, respectively. For the cap 

beam, gage 57 was chosen to determine the strain rate effect on the yield strength 

of the beam longitudinal reinforcement while gage 58 was used for the 

compression strength factor at the beam critical section. For the medium and tall 

specimens, the strain gages for calculating the strain rate effect were chosen in the 

same manner (Fig. 5-2). 

The process of calculating the strain rate effect at critical locations is 

summarized in Tables 5-1, 5-2 and 5-3 for short, medium and tall specimens, 

respectively. The maximum strain of each gage at critical locations was taken just 

before yielding since the effect of strain rate diminishes after yielding2. To get the 

strain-rate upper bound effect, the maximum value of the strain rate history of 

each gage was taken. Perfect bond was assumed between the compression bars 

and the concrete. Therefore, the concrete strain rate was taken as equal to the 

reinforcement strain rate. The increase in steel yield and concrete strengths was 

calculated in the last column of each table. These values were used for updating 

the moment-curvature analyses for the critical sections in the three specimens as 

shown in the next section. 

5.3 Moment-Curvature (M-φ) Relationships 

For each specimen, there are three critical sections: beam-joint interface, 

column-joint interface and column-footing interface. To analyze the critical 

sections, a computer program, RCMC was used that had the ability to model the 
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realistic properties of concrete and steel in each section. The strain profile through 

the cross sections was assumed linear in this program (Bernoulli hypothesis).   

5.3.1 Tall Specimen, B2CT 

Material properties of tall-specimen columns and beam were shown in Sec. 

3-5. These properties with the effect of strain rate (Sec. 5-2) are used as an input 

for the RCMC program. The values shown in the last columns of Tables 5-3a and 

5-3b were used to account for the strain rate effect on the steel and concrete 

strengths, respectively for the column and beam cross-sections. The analysis 

results of this program are shown in Figs. 5-3 to 5-6. The S.R.E. in the figures 

stands for the Strain Rate Effect and indicates that the analysis included the effect 

on the material properties. The idealized curves represented by dashed lines were 

determined by choosing the best bilinear curve that can represent the actual M-φ 

curve without any significant difference in the area under both curves. The 

idealized curves for beam section (Fig. 5-3) are approximately taken as elastic

fully plastic since the accuracy in modeling the post-yielding stage for this section 

was not needed. This was because yielding is only expected at the column 

sections. For the column sections (Figs. 5-4 –5-6), however, the idealized curves 

were taken as elastic-linearly plastic for representing the actual post-yielding 

stage. 

For the tall-specimen beam (Fig. 5-3), the preliminary analysis indicated 

that the level of axial force on the beam section increased from 0.0 (0.0 KN) to 20 
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k (89 KN) as the specimen lateral seismic demand increased from 0.0 to the level 

of yielding for the specimen columns. As can be seen in Figs. 5-3-a and 5-3-b, the 

effect of changing the beam axial load on either the section capacity or the 

ductility is insignificant whereas the strain rate effect has a large impact (about 

25% increase) on the section capacity for both levels of axial forces. For the tall

specimen columns (Fig. 5-4), the preliminary analysis shows a difference in the 

level of axial forces between the left and right columns (from 4.5k (20 KN) to 70k 

(311 KN)) as the specimen columns reach their yielding capacity. This difference 

creates a significant increase in the section yielding capacity (almost 17 %) 

between the left and right column sections (Figs. 5-4-a and 5-4-b). It also creates a 

significant decrease in the section ductility (about 15 % decrease in the ultimate 

curvature). The effect of strain rate also creates an increase in the column yielding 

moment by about 17 % and 20 % for the left and right columns, respectively. For 

the tall-column bases (Figs. 5-5-a and 5-5-b), the same change in column axial 

forces also creates an increase of about 50 % in the bases yielding moment. The 

strain rate effect also added about 15 % and 25 % to the original yielding moment 

of the left and right column bases, respectively. 

For simpler and easier analysis, the level of axial forces in right and left 

columns was taken as the average of the two column axial load levels. This 

reduces the analysis effort where two sections only are to be analyzed: the column 

top and base hinge cross sections. Figs. 5-6a and 5-6b show the new M-φ 

76
 



 

 

 

 

 

 

 

 

 

  

 

diagrams for the column top and base-hinge, respectively after using the average 

axial load of 37.25 k (166 KN). 

5.3.2 Medium Specimen, B2CM 

The analysis results of RCMC program are shown in Figs. 5-7 to 5-10. For 

middle-specimen beam (Fig. 5-7), the preliminary analysis shows that the level of 

axial force for the beam section increased from 0.0 to 28 k (125 KN) as the 

specimen lateral seismic demand increased from 0.0 to the level of yielding for the 

specimen columns. As can be seen in Figs. 5-7a and 5-7b, the effect of changing 

the beam axial load on the either the section capacity and ductility is insignificant 

whereas the strain rate effect has a large impact (about 21% increase) on the 

section capacity for both levels of axial forces. For the middle-specimen columns 

(Fig. 5-8), the preliminary analysis shows a difference in the level of axial forces 

between the left and right columns (from 2.5k (11 KN) to 72k (320 KN)) as the 

specimen columns reach their yielding capacity. This difference creates a 

significant increase in the moment capacity (almost 17 %) between the left and 

right column sections (Figs. 5-8-a and 5-8-b). It also creates a significant decrease 

in the section ductility (about 13 % decrease in the ultimate curvature). The effect 

of strain rate also creates an increase in the column yielding moment by almost 17 

% and 20 % for the left and right columns, respectively. For the middle-column 

bases (Figs. 5-9-a and 5-9-b), the same change in the column axial forces also 

creates an increase of about 60 % in the base yielding moment. The strain rate 
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effect also added about 14 % and 23 % to the original yielding moment of the left 

and right column bases, respectively. 

For simpler and easier analysis, the level of axial forces in right and left 

columns was taken as the average of the two column axial load levels. This 

reduces the analysis effort where two sections only are to be analyzed: the column 

top and base hinge cross sections. Figs. 5-10a and 5-10b show the new M-φ 

diagrams for the column top and base-hinge, respectively after using the average 

axial load of 37.25 k (166 KN). 

5.3.3 Short Specimen, B2CS 

The analysis results of the RCMC program are shown in Figs. 5-11 to 5-14. 

For short-specimen beam (Fig. 5-11), the preliminary analysis shows that the level 

of axial force on the beam section increased from 0.0 to 50 k (222 KN) as the 

specimen lateral seismic force increased from 0.0 to the level of yielding for the 

specimen columns. As can be seen in Figs. 5-11a and 5-11b, the effect of changing 

the beam axial load on either the section capacity or the ductility is insignificant 

whereas the strain rate effect has a large impact (about 24% increase) on the 

section capacity. For the short-specimen columns (Fig. 5-12), the preliminary 

analysis shows a difference in the level of axial forces between the left and right 

columns (from -1k (-4.45 KN) to 76k (338 KN)) as the specimen columns reach 

their yielding capacity. This difference creates a significant increase in the column 

yielding moment (about 18 %) between the left and right column sections (Figs. 5
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12a and 5-12b). It also creates a significant decrease in the section ductility (about 

12 % decrease in the ultimate curvature). The effect of strain rate also creates an 

increase in the moment capacity by about 18 % and 23 % for the left and right 

columns, respectively. For the short-column bases (Figs. 5-13a and 5-13b), the 

same change in the column axial forces also creates an increase of about 70 % in 

the bases yielding moment. The strain rate effect also added about 14 % and 23 % 

to the original yielding moment of the left and right column bases, respectively. 

For simpler and easier analysis, the level of axial forces in right and left 

columns was taken as the average of the two column axial load levels. This 

reduces the analysis effort where two sections only are to be analyzed: the column 

top and base hinge cross sections. Figs. 5-14a and 5-14b show the new M-φ 

diagrams for the column top and base-hinge, respectively after using the average 

axial load of 37.25 k (166 KN). 

5.4 Lumped Plasticity Model 

Although this model is relatively simple, it is powerful and reliable for 

predicting the seismic responses for the specimens with flexural-dominated 

failure11, 14. In this model, the plastic hinge properties distributed through the 

plastic hinge regions of each column are concentrated in zero-length plastic hinges 

(Fig. 5-15). The required properties of these hinges are the moment-rotation 

relationships, which can be approximately calculated using the beam theory (e.g., 

the conjugate beam method).  
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Fig. 5-16 schematically shows the steps of calculating the hinge properties 

at the column top and base. The first step (Fig. 5-16a) shows the formation of the 

first hinge at the column base since it has the lowest capacity (moment capacity is 

intentionally reduced at each column base to create the two-way hinge). At this 

step, the moments at the column top and base are assumed to be equal for the sake 

of simplicity. The column base can be initially assumed fixed. The experimental 

results also supported this assumption. As mentioned in section 4.4.4, the 

curvatures and the corresponding rotations measured at the column hinges before 

reaching the yielding capacity were negligible. Based on this, the rotation from 

this step is only for the column top (∆θ1). The second step (Fig. 5-16b) shows the 

formation of the second plastic hinge at the column top. The additional moment 

required for forming this hinge is ∆M at the column top and the corresponding 

additional rotation is ∆θ2. At this step, the total rotation at the column top is ∆θ1 + 

∆θ2. In Fig. 5-16, the EI used for the column top and bottom sections is taken as 

the initial slope (neglecting the uncracked stiffness) of the M-φ diagrams of these 

sections. 

Fig. 5-17 shows the moment-rotation relationships for the plastic hinges at 

top and bottom of each column. As shown in this figure, the column base is 

modeled as a fixed support that rotates only when it reaches its yielding capacity 

and the column top is modeled as a rigid joint that rotates elastically and 

plastically according to its moment demand. The ultimate rotation shown in this 
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figure is obtained after determining the plastic rotation for each plastic hinge, ∆θp 

(Sec. 2.6.2). 

5.4.1 Reinforcement-Slippage Deformations 

Reinforcement slippage occurs at connections interface (joint-column and 

column-footing connections) due to the tensile strains generated in the 

reinforcement development length. The way of calculating slippage rotation at 

connections interface at yield and ultimate moments is illustrated in reference 15. 

The method used in this reference was followed except that the rotational slippage 

at the column base (Fig. 5-17a) was doubled. The reason for this is that the 

reinforcement subjected to slippage at the column base (the hinge dowels) is 

surrounded by a large piece of uncracked concrete. This makes the column base 

and footing as two parts pushing away from each other, which indicates that the 

concentration of strain at the interface can occur from both column base and 

footings sides. However, at the column plastic hinge region (Fig. 5-17b) after 

reinforcement yielding, cracks are distributed widely through this region, which 

makes the strain distributed throughout the column instead of just at the interface.  

Reinforcement slippage can be modeled by adding the slippage rotation at 

yield and ultimate moments to the yield and ultimate rotations of each plastic 

hinge. This is shown in Fig. 5-18 in which the new M-θ diagram after 

reinforcement slippage is represented by dashed lines. The plastic hinge at the 

column top (Fig. 5-18 a) experiences some elastic rotation (θy) before it reaches its 
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yielding capacity. This is because the column top joint can rotate. The plastic 

hinge at column bottom (Fig. 5-18 b) is assumed to only rotate after the base hinge 

reaches its yielding capacity. This is because the column-footing connection is 

essentially fixed (θy= 0) for the purpose of the analysis. 

5.4.2 Shear Deformations 

Shear deformations are significant in short, deep concrete members 

whereas for slender members, the effect of shear on deflection can be neglected. 

Shear deformations can be calculated for uncracked concrete members by using 

the theory of elasticity. For cracked members, however, calculating shear 

deformations is complicated and needs another mechanism to be formulated. For 

cracked concrete members under high shear forces, the truss mechanism (strut

and-tie-model) is the most reliable model that can predict the shear behavior. 

Using the truss mechanism, the equivalent shear stiffness for cracked members 

with rectangular cross-sections was derived by Park and Paulay16. For concrete 

members with circular cross-sections (specimen columns), the same methodology 

used in the previous study16 can be followed to derive new shear stiffness. 

Fig. 5-19a shows a part of a circular column with height d and diameter d. The 

column is subjected to shear force Vs and the resulting shear deformation is ∆V. 

The shear force, Vs is assumed equal to the total shear force as the concrete shear 

capacity, Vc is neglected. From the geometry shown in Fig. 5-19a, the total shear 

deformation, ∆V, is equation 5.4. 
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∆V= ∆s + √2 ∆c  (5.4) 

where ∆s is the steel deformation and ∆c is the inclined concrete strut deformation. 

Assume the column hoops or spirals take an elliptical shape after deformation 

(Fig. 5-19b). The new ellipse perimeter can be taken as π times the average ellipse 

diameter= π (d +(d+ ∆s))/2 and the original (before deformation) ellipse perimeter 

is π (d). The change of transverse reinforcement shape creates a reinforcement 

strain, εs, of {π (d +(d+ ∆s))/2- π (d)}/ π (d), that simplifies to equation 5.5. 

εs = fs / Es = ∆s / 2d (5.5) 

Since the column part at plastic hinge zone is subjected to shear and 

moment, the crack length required to mobilizing the column spirals stops in the 

column compression zone (Fig. 5-19c). The relation between the shear force, Vs 

and the stress in transverse reinforcement can be represented by equation 5.617 

Vs= π Asp fs (D-c-cover) / 2 x S (5.6) 17 

where c is the neutral axis depth to the extreme compression fiber, S is the 

transverse reinforcement spacing, D is the total column diameter, Asp is the cross

sectional area of the transverse reinforcement and fs is the tensile stress generated 

in the transverse reinforcement. This equation is simplified to equation 5.7 if d ≈ 

D-cover, c ≈ 0.25 d. 

Vs= 1.178 Asp fs d / S (5.7) 

Using equations 5.5 and 5.7, the transverse reinforcement deformation is 

simplified to equation 5.8. 
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∆s = 1.698 Vs x S /Asp x ES (5.8) 

For the 45º inclined compressive strut of length of d √2 and axial deformation of 

∆c (Fig. 5-19a), the axial strain can be described by equation 5.9. 

εc = ∆c / d √2 (5.9) 

This strain is also equal to σc /EC where σc is the stress in the inclined strut 

(strut force, C/strut area, A) and EC is the concrete young’s modulus. Based on 

this, equation 5.9 can be written as in equation 5.10. 

εc = ∆c / d √2 = σc /EC = C/Ast EC (5.10) 

Fig. 5-19d shows how the inclined strut cross-sectional area, Ast is 

calculated. It is very difficult to determine the Ast directly. To calculate Ast, it is 

necessary to determine a portion of the strut volume (the hatched part) with a 

known length. Since the length of this volume is known (d /√2) as shown in Fig. 5

19d, the cross-sectional area of the strut can be determined. This is valid for a strut 

angle of 45˚. The total volume of the column portion being considered is π  d3 /4. 

From this volume, the 4 volumes outside the strut-hatched part are subtracted. 

Each part of the 4 volumes has 1/8 of the total volume. Therefore, the remaining 

strut volume is π d3 /8. Since the length of the volume is d/√2, the cross-sectional 

area is (π d3 /8)/ (d√2/2) = √2 d2 /8. Substituting in (5.10), 

∆c = 8 √2 Vs / π d x Ec (5.11) 

Substituting equations 5.7 and 5.10 in 5.4 results in 

Vs= (Es π d ρs) x ∆v  / (6.8 π  + 16 n ρs) (5.12) 
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Based on the previous equation, the shear stiffness of the part of the column 

with the length of d and the diameter of d is calculated as  

Es π d ρs / (6.8 π  + 16 n ρs) (5.13) 

From the shear stiffness, the effective shear area, Ash of this part of column 

is calculated as 

2.5 π n d2 ρs / (6.8 π  + 16 n ρs) (5.14) 

To apply this result on the actual columns, the calculated shear area by truss 

mechanism is only for the parts of the columns where shear cracks are intense 

(e.g., the plastic hinge zones). For other parts of columns where shear cracks are 

minimal, it is advisable to use the shear area calculated by the elasticity theory, 

which is 0.9 the cross-sectional area for the circular members (this is because 

flexural spalling in circular cross sections does not represent a significant area). 

From experimental results for the three specimens, it was found that in the 

specimen columns, shear cracks were mainly concentrated at the column top 

through a distance of 2 times the column diameter (Figs. 5-20a and 5-20b). Using 

these results, the equivalent shear area of the entire column can be calculated 

(Figs. 5-20a and 5-20b). The total shear deformation of the entire column is the 

summation of the shear deformations of each column part. For the tall and middle 

specimen columns (Fig. 5-20a) and short specimen columns (Fig. 5-20b), the total 

shear deformation is given in equations 5.15 and 5.16. 

∆ sh = Vs L1/GA1 + Vs L2/GA2 =Vs (L1 A2 + L2 A1)/GA1A2 (5.15) 
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∆ sh = Vs L total /GA equivalent.                                                                 (5.16) 

where A equivalent= L total A1 A2 /(L1 A2 + L2 A1) (5.17) 

It is important to note the shear area, Aequivalent is used to calculate the 

maximum shear deformation at the maximum column response shown by 

intensive flexural and shear cracks at the plastic hinge regions. Computer 

programs such as SAP200018 and RAM Perform19 use this shear area, Aequivalent as 

an input for calculating the maximum shear deformations. To verify the previous 

method for calculating the shear deformation, additional instruments were to be 

installed on the test specimens to measure the shear deformations. Since these 

instruments were not provided in this study as a result of the limited number of 

channels, the shear deformations using the derived shear area, Aequivalent were 

calculated for other columns (9S1 and 9S2) in the previous study3. These columns, 

9S1 and 9S2 have the aspect ratio of 1.5. Both columns have the diameter and 

height of 16” (400 mm) and 48” (1200 mm), respectively. Based on these 

proportions, the Aequivalent was assumed to be for the whole column height. The 

strain rate effect was assumed 25% to account for the increase in concrete 

strength, f’c, during the seismic loading. This increased the concrete shear 

modulus, G, by 12 %. Substituting in the derived shear area formula, the shear 

area was calculated as 4.8 in2 (3000 mm2) for both columns. Under the maximum 

shear forces of 85 k (348 kN) and 94 k (418 kN) for columns 9S1 and 9S2, 

respectively, the corresponding shear deformations were calculated as 0.438” (11 
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mm) and 0.483” (12 mm), respectively. These values for are 0.99 and 1.09 the 

corresponding experimental shear deformations for columns 9S1 and 9S2 

respectively3. This assures that the use of the derived shear area in predicting the 

seismic shear deformations is reliable. 

5.5 Push-Over Analysis 

The push-over analysis is a nonlinear static analysis in which the specimen 

is pushed laterally by incremental lateral forces till the specimen fails. This 

analysis can predict the peak seismic demands (peak seismic forces and 

displacements) for each specimen; and it can show the type of failure and the 

locations where failure starts. This helps to identify the critical elements and joints 

in each specimen, which in turn helps to determine the cause of failure and the 

how to control it. To perform this analysis on the three specimens, three computer 

programs (SAP2000, RAM Perform and W-Frame20) were used. The analytical 

model used in these programs was the Lumped Plasticity Model (see Section 5-4). 

A comparison between these programs was made to evaluate each program and 

adopt the best one for this type of analysis.  

5.5.1 Push-Over Analysis using SAP2000 Program 

In this program, the inelastic behavior is modeled by M-θ plastic hinges at 

critical sections. The M-θ relationship for each plastic hinge was calculated as in 

Sec. 5-4. The effects of shear and slippage deformations (Sec. 5-4.1 and Sec. 

5.4.2) were also included. The analysis results of this program are shown in Figs. 
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5-21, 5-22 and 5-23 for the tall, middle and short specimens, respectively. Despite 

the simplicity in specimen modeling, the predicted results showed good 

correlation with the experimental results. For the tall specimen B2CT (Fig. 5-21), 

the push-over analysis predicted about 0.94 of the seismic peak capacity and about 

1.0 of the peak seismic displacement that the specimen reached before it leaned in 

the transverse direction (section 4.3.3). After specimen leaning (section 4.3.3), the 

deterioration at the specimen bases created some stiffness degradation causing 

larger displacement (Fig. 5-21). This specimen situation could not be modeled in 

the SAP2000 Program. This caused the predicted displacement to be about 12% 

less than the actual maximum displacement after the specimen leaned (Fig. 5-21). 

A good correlation between the analytical and experimental results was achieved 

after including the effect of column geometrical non-linearity (P-δ effect, which is 

calculated internally by SAP2000).  

For the middle specimen B2CM (Fig. 5-22), the push-over analysis 

predicted the entire peak seismic capacity and displacement that the specimen 

reached before it leaned in the transverse direction (section 4.3.2). After specimen 

leaning (section 4.3.2), the specimen experienced larger displacement as a result of 

the strength deterioration at the specimen bases (Fig. 5-22). For the short specimen 

B2CS (Fig. 5-23), the push-over analysis overestimated the maximum seismic 

response. The predicted displacement was 57.5 % higher than the actual 

displacement and the predicted maximum force was 6 % higher than the actual 
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maximum force (at the same displacement). This disagreement showed some 

shortcomings in modeling the behavior of short specimen B2CS since it 

underwent significant slippage at its column bases in addition to the overall 

flexural behavior. To be more realistic, a suitable representation for the column 

base slippage is to be modeled which will be discussed in the following sections.    

5.5.2 Push-Over Analysis using RAM Perform Program 

In this program, the inelastic behavior is modeled by M-φ plastic hinges at 

critical sections. This model is much simpler than the previous model used in 

SAP2000 program in which the plastic hinge rotations had to be calculated. The 

M-φ relationship for each plastic hinge is calculated as in Sec. 5-3. Figs. 5-6, 5-10 

and 5-14 show the M-φ relationships used as input for the tall, middle and short 

specimens, respectively. The effects of shear deformations are included as in Sec. 

5.4.2. The effect of slippage on curvature was also considered by changing the 

curvature, (φ Before Slippage) in the previous M-φ diagrams by a new curvature (φ After 

Slippage) coming from equation 5.18: 

φ After Slippage= φ Before Slippage + θs /Lp  (5.18) 

where θs is the rotational slippage calculated as in Sec. 5.4.1 and Lp is the plastic 

hinge length which was developed from the previous experimental data10. In 

RAM-Perform program, the length Lp is used as curvature multiplier to calculate 

the ultimate plastic rotation in the expected plastic hinges. Based on this, the 

ultimate rotational slippage was included in this program by dividing the rotational 
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slippage over the plastic hinge length (θs /Lp). The push-over analysis results by 

RAM Perform program are shown in Figs. 5-24 and 5-25 and 5-26 for the tall, 

middle and short specimens, respectively. Despite the simplicity of the analytical 

model, the predicted results had good correlation with the experimental results. 

For the tall specimen B2CT (Fig. 5-24), the push-over analysis predicted about 

0.96 of the peak seismic capacity and about 1.0 of the peak seismic displacement 

before specimen leaning. For the middle specimen B2CM (Fig. 5-25), the push

over analysis almost predicted the peak seismic capacity and 0.90 of the peak 

seismic displacement before leaning. For the short specimen B2CS (Fig. 5-26), the 

push-over analysis overestimated the maximum seismic response. The predicted 

displacement was almost 15 % higher than the actual displacement and the 

predicted maximum force was 11 % higher than the actual maximum force. This 

poor correlation shows some shortcomings in modeling the behavior of the short 

specimen. The behavior of the short specimen was not only controlled by the 

flexural yielding in the column plastic hinges but it was also affected by the 

sliding at the column bases (Sec. 4.3.1). To include this sliding in the analytical 

model, additional nonlinear springs (Fig. 5-15) are added at each column base. 

The properties of these springs are calculated in the following section.  

5.5.3 Shear-Friction Springs 

For the short specimen, the shear-sliding mechanism was shown in the 

significant base sliding at the east column base and the severe spalling on the west 
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side of the west column base (Figs. 4-9 and 4-10). For the middle and tall 

specimens, however, the shear-sliding mechanism was not evident since the 

flexural behavior was more dominant due to the higher column aspect ratios 

(section 4.4.7). The shear-friction mechanism at the column bases of each 

specimen was not a case of pure shear. This is shown in Fig. 5-27 in which the 

column bases are subjected to a combination of shear, axial and flexural actions. 

The values of shear force, Q and axial forces, N carried by each column, and the 

location of the inflection points at east and west columns are functions of the 

moment capacities of the column top and bottom sections (Fig. 5.27). For the three 

specimens, the ratio between the column bottom and top section capacities is 

almost 0.25. This makes the length of the lower part of the column to the 

inflection point about 0.2 the column height, H. Table 5-4 shows the calculated 

moment capacity of the specimen columns at the top and bottom sections as well 

as the shear and axial forces. It can be concluded from this table that the level of 

axial force in the east column of the three specimens is negligible compared with 

the level of axial force carried by the west column. This is because the dominant 

direction of the seismic loading (Sylmar record) was toward the west direction 

according to the location of the specimen. This difference in axial forces (Fig. 5

27b, c) created significantly different shear-friction capacities in the east and west 

column bases. This is shown in Fig. 4-170 in which there is significant difference 

in the shear-sliding envelopes between the east and west column bases in the short 
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specimen, B2CS. In Fig. 4-170a, the east column base experienced large sliding 

toward the dominant direction of the seismic loading. This sliding is governed by 

equation 5.19. 

Q = µ C (5.19) 

where Q is the shear–friction capacity, µ is the shear friction coefficient and C, the 

flexural compression force, is the axial force acting at the friction interface surface 

(Fig. 5-27b, c). The compression force C can be calculated from the hinge cross

section analysis (using the RCMC Program) at the level of cross-section yielding. 

The value of C at the east column base was calculated as 65.5 kips (291 KN) and 

the value of Q was calculated as 45 kips (200 KN) after yielding the column top 

and bottom sections (Table 5-4). By substituting these values in equation 5.19, the 

value of µ is determined as 0.7. It is worth noting that the value of µ recommended 

by the ACI code21 for the specimen column bases is 1.0. To start analyzing the 

west column base, the value of axial force, N and shear force, Q acting on the west 

column as the column top and bottom section reached their yielding capacities are 

74.5 k (349 KN), 56.6 k (252 KN), respectively (considering zero axial force 

carried by the east column). From the sectional analysis using the RCMC program, 

the values of C and T were calculated as 106.5 k (474 KN) and 32.0 k (142 KN), 

respectively. Using the coefficient of friction, µ of 0.70 (calculated from the east 

column base-sliding mechanism) and the compression force, C acting on the 

sliding surface, the shear-sliding capacity, µC is 82.6 k (367 KN), which is 32 % 
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higher than the maximum shear demand, Q acting on the west column base. This 

prevents the shear-friction mechanism from forming at the west column base.  

Equation 5.19 assumes no participation for the dowels in the shear-friction 

mechanism either by the clamping or the dowel action. This is because the hinge 

dowels were expected to yield due to the low moment capacity at the column base 

before the shear-friction mechanism starts. This assumption was confirmed 

experimentally (section 4.4.1.1) where the hinge dowels of the east column base 

started yielding at the shear-friction interface under early loadings. Under 1.4 x 

Sylmar, the hinge dowels on the east side of the east column base started yielding 

and the maximum sliding displacement was 0.035” (0.9 mm) at the same hinge 

base. Under 2.0 x Sylmar, the hinge dowels on the west side of the east column 

base started yielding and the maximum sliding displacement at the same base was 

0.04” (1.0 mm). This also agrees with the analytical results where all the hinge 

dowels were in tension as the cross-section reaches its yielding capacity. The early 

flexural yielding of the hinge dowels means that the dowels do not have shear 

capacity, dowel action. This is shown by von Mises’ criterion that provides the 

interaction between the steel shear and tensile strength (σ2
x + 3 τ2xy = σy). 

Although equation 5.19 can predict the peak shear-friction capacity, it does 

not reveal the shear-sliding envelope. Based on the experimental results from this 

study and another related study22, the analytical model of the shear-sliding 

envelopes can be developed. Fig. 5-28a shows the analytical model of the shear
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sliding mechanism, represented by three major segments. Segment 1 represents the 

peak shear-sliding capacity (neglecting the slight ascending tendency in the 

experimental envelope (Fig. 4-140a) caused by the steel strain hardening). 

Segment 1 is only valid from the start of hinge flexural yielding up to a sliding 

displacement of δ. Referring to the experimental results, the displacement δ was 

about 0.25” (6 mm) which was equal to the roughed depth at the shear-sliding 

surface. After exceeding this displacement, strength degradation started from 

displacement δ to 2δ as shown in Fig. 4-170. This is modeled by segment 2. This 

degradation in strength is referred to the destruction of the aggregate interlocking 

after exceeding the displacement δ (Fig. 5-28). The slope of segment 2, K2 is 

experimentally taken as –35 k/in (-6.25 KN/mm). The rest of the envelope could 

not be developed from the experimental results in this study since the loading level 

stopped at the sliding displacement of 2δ. Based on this, a survey was done on the 

related experimental works to develop the rest of the shear-sliding envelope. In a 

previous related study by Silva, P. F. et al22, the shear-friction behavior of the 

sacrificial interior shear keys was investigated. The shear keys were designed with 

different aspect ratios and different reinforcement ratios. The shear keys were 

tested with no axial load, which makes this similar to the east column base in the 

current study in which the axial load is reduced due to the large tendency of the 

seismic loading toward the west direction. The shear keys in the previous study22 

were tested till failure under different types of loadings such as monotonic, 
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quasistatic cyclic and dynamic loadings. Fig. 5-28b shows the shear load

displacement envelopes for three specimens. The result from the specimen 2A was 

taken since its failure was mainly governed by shear-friction (no compression 

failure was observed in the specimen). This is the same failure mode as the east 

column base in the current study. As shown in Fig. 5-28b, the slope of the last part 

of the envelope, K3 can be taken as 40 k / in (7 kN / mm). Fig. 5-28a shows the 

three-segment model of the shear-friction mechanism for the east column base in 

the short specimen. This model can be used to represent the properties of the shear 

springs at the column base (Fig. 5-15).   

At the west column base in the short specimen, the shear sliding capacity 

was increased by the large axial force, N and its corresponding value of C (Fig. 5

27b). Therefore limited base sliding occurred (Fig. 4-170). As shown in Fig. 5

27b, the capacity of the base hinge was controlled by the capacity of the inclined 

struts and their node on the west side of the west column base. The degradation in 

the strength of these struts and the corresponding node can affect the overall shear

sliding capacity of the west column base. Referring to the experimental 

observation, clear damage was observed close to the location of the struts node 

(the hatched triangular part shown in Fig. 5-27b) on the west side of the west 

column base under the last seismic loading (Fig. 4-9). At this loading, the shear

sliding capacity started to drop by almost 15 % as shown in Fig. 4-170b. This 

experimental data agrees with the analytical model concept mentioned earlier.  

95
 



 

 

  

 

 

 

 

  

 

 

 

 

Another mechanism called the Strut-and-Tie-Model became dominant at 

the west column base. This model was used in the previous study22 to interpret the 

failure of some shear-friction specimens. This model is also used in detail in this 

study (section 5.7) to interpret the failure of the three specimens. In this model, the 

forces are imagined to flow through a stable strut-and-tie combination (Fig. 5

29b). The node represented by the hatched area in Fig. 5.29b is considered critical 

for two reasons: First, this node is located in unconfined concrete zone caused by 

the lack of transverse reinforcement at the column base (section 6.2.1). Second, 

this node is only surrounded by compression forces from two sides (the horizontal 

and the inclined side) whereas the vertical side is free from supporting forces. The 

resultant of the two struts, R (Fig. 5.29b) is compared with the strut capacity 

(equation 5.21) close to the hatched node. To calculate the strut capacity (equation 

5.22), the f’c was taken as 5.86 ksi (41 MPa), which is the same concrete strength 

on the day of the test. The concrete strength was 25% increased to account for 

strain rate effect (section 5.2). The strut spreading factor, βs is taken as 0.75 

(section 5.3.1) and the strut area was calculated as 21.4 in2 (13806 mm2). The strut 

capacity was determined to be 100 k (445 kN), whereas the strut demand, R was 

calculated as 122.6 k (545 kN). Therefore, this strut is critical and limited the 

capacity of the system.  

Fig. 5.29a shows the suitable analytical model for the west column base. In 

this model, the shear-sliding capacity is calculated either by equation 5.19 or by 
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the STM, whichever is lower. In the case of the west column base, the strut 

capacity from the STM model controls. The two mechanisms of the east and west 

column bases were modeled in the SAP2000 program since it was not possible to 

model the shear-friction spring in the east column base (Fig 5-28a) in the RAM 

Perform program. The result of the SAP2000 push-over analysis after including 

the base-slippage model is shown in Fig. 5-30. As can be seen in this figure, the 

predicted results are better correlated with the experimental results from the 

strength and displacement perspectives. For tall and middle specimens, however, 

the sliding model did not change the response shown in Figs. 5-21 and 5-22 since 

the column shear demands in these specimens are much less than sliding model 

shear capacity.  

5.5.4 Push-Over Analysis using wFRAME Program 

The wFRAME program is used by CALTRANS to perform push-over 

analysis on bridge frames and bents. It can represent the soil-structure interaction 

by modeling the foundation piles and the nonlinear soil behavior. It can also model 

the in-phase and out-of-phase modes for double-deck bridges. Despite the 

advantages of wFRAME program, it has limitations. For example, the rotational 

capacity of each plastic hinge is not included in the program, which precludes the 

ability to model the slippage rotations. Shear deformations, however can be 

included in this program by using the reduced shear area. Furthermore, the 

program stops at the start of the structure collapse mechanism and it does not 
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calculate the structure peak displacement. The program does not calculate the 

effect of P-δ. 

To check the range of applicability of wFRAME program, it was used to 

perform the push-over analysis on the three specimens. For the tall specimen 

B2CT (Fig. 5-31), the predicted yield displacement by the program is satisfactory 

whereas the predicted capacity is 10 % higher the actual capacity. This is because 

the wFRAME program does not account for the P-δ effect, which is significant in 

the tall specimen. The plastic deformation, ∆p shown in Fig. 5-31 is calculated 

using equations 2.3 and 2.4 in section 2.6.2 and added to the program output. For 

middle specimen B2CM (Fig. 5-32), the specimen stiffness before yielding is a 

little bit stiffer than the actual stiffness. This could be enhanced if the P-δ effect is 

included. Adding the deformation due to reinforcement slippage to the specimen 

yield displacement could also enhance the correlation. The plastic deformation, ∆p 

is calculated separately (section 2.6.2) and added in the same diagram (Fig. 5-32). 

For the short specimen B2CS (Fig. 5-33), the predicted results by wFRAME do 

not correlate with the experimental results. The use of actual shear area for 

specimen columns and adding the P-δ effect could enhance this correlation. The 

plastic deformation, ∆p is calculated separately (section 2.6.2) and added to the 

same diagram. In line with the above, wFRAME program lacks the ability to 

model some crucial issues, which cannot be overlooked in R/C structures. For 

example, reinforcement slippage adds more rotations at critical sections of R/C 
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structures, which can impact the overall structural behavior. In addition, the 

geometrical non-linearity (P-δ effect) can impact the overall structural response at 

large lateral displacements. 

5.6 Dynamic Analysis 

Although nonlinear static analysis can predict the maximum structure 

response (maximum seismic displacement and capacity), it cannot predict the 

structure response to the increasing excitation. To predict these effects 

analytically, a dynamic analysis by DRAIN-3DX program was performed on the 

three specimens. The model used by DRAIN-3DX is the lumped plasticity model 

shown in Fig. 5-15. As discussed before, the shear and slippage deformations can 

be predicted using this model. The nonlinear behavior was represented by the 

Takeda model (Fig. 5-34), which was found successful in predicting the dynamic 

response of R/C members11. The Takeda model shown in Fig. 5-34 consists of 

hysteretic rules operating on a trilinear primary curve. The Takeda hysteretic rules 

do not cover the “pinching” effects, which occur due to the closing of concrete 

cracks14. Two main points are to be determined on the primary curve: the point of 

cracking load and displacement, and the point of yield load and displacement. 

After yielding point, the model has the ability to represent the strain hardening 

effect. The input earthquake loading for each specimen was taken as the 

earthquake record achieved by the shake table. Fig. 5-35 shows the achieved 

acceleration history records used in testing the three specimens. Each loading 
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consists of a series of Sylmar records of the Northridge Earthquake (peak 

acceleration of 0.61g) with increasing amplitudes. Each loading was recorded 

every 0.00625 sec. This time increment is so small that it caused some numerical 

errors in the dynamic analysis output. To avoid this problem, the time step was 

increased to 0.02 sec by resampling the earthquake history for each specimen. 

Care was taken in calculating the new time increment since it can affect the 

numerical solution accuracy. Thus, the new time step was conservatively taken as 

1/10 the lowest fundamental period of the three specimens (assuming that the 

numerical solution in the DRAIN-3DX Program is conditionally stable). Since the 

lowest fundamental period was 0.21 sec for the short, the incremental time step 

was taken as 0.02 sec. The new earthquakes after resampling process are shown in 

Fig. 5-35b. The peak accelerations of the resampled earthquakes, especially at the 

last runs, are a little bit lower than the actual peak values (Fig. 5-35a) as the 

resampling process cut some of the original data. This difference should be taken 

into consideration as it could cause some difference between the analytical and 

experimental results.  

Before performing the dynamic analysis, the classical damping matrix for 

each specimen had to be determined. Damping matrix, C can be taken as a 

combination of stiffness (K) and mass (M) proportional matrices, i.e., C = α M + β 

K. The values of α and β are frequency and damping dependent. The natural 

frequencies for each specimen are calculated from the free vibration analysis while 
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the damping ratios for each specimen (just before specimen yielding) are assumed 

5 % and 10 % for the first and second modes of vibration, respectively23. From this 

assumption, the calculated β values for each specimen were almost zeros while the 

calculated α values were 0.9, 2.2 and 2.70 for the tall, medium and short 

specimens, respectively. 

The output results for tall specimen B2CT are summarized in Fig. 5-36 to 

Fig. 5-38. Fig. 5-36a shows the load-displacement hysteretic curves for both 

analytical and experimental results. A good correlation between the predicted and 

experimental results is achieved. The maximum predicted displacement is 87.5 % 

the maximum actual displacement. A better correlation can be achieved by 

including the P-δ effect. This effect was not an option in the Takeda model, so it 

was approximately calculated by changing the Takeda input data according to the 

effect of P-δ on the push-over diagram. As shown in Figs. 5-21 and 5-24, 

including the P-δ effect is reducing the total frame capacity at the yield and 

ultimate conditions. According to this reduction, the yield and ultimate moment 

capacities of the column top and bottom sections (Fig. 5-6) were also reduced. A 

better correlation in the shape of hysteretic loops was also achieved by changing 

the unloading coefficient from 0.5 to 0.75. Fig. 5-36b shows better agreement 

between the predicted and measured hysteretic loops after including the P-δ effect 

and after using the new unloading coefficient. Fig. 5-37 also shows a comparison 

between the predicted and measured history of the specimen relative displacement. 
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The analytical model predicted 100 % of the specimen maximum displacement in 

both west (- sign) and east (+ sign) directions. To have a clearer evaluation of 

displacement history calculated analytically, it was put in the same diagram (Fig. 

5-38) with the actual displacement time history. As shown in Fig. 5-38, there is a 

shift in the residual displacement between analytical and experimental 

displacement histories. This shift becomes clear during the loading that is before 

the last loading. This is because the specimen leaned toward the out-of-plane 

direction during this loading decreasing the specimen residual displacement.   

For the medium specimen B2CM, the analytical results are summarized in 

Fig. 5-39 to Fig. 5-41. Fig. 5-39a shows the load-displacement hysteretic curves 

for both analytical and experimental results. The maximum predicted displacement 

is 88 % the maximum actual displacement in west direction (- sign) and 45% the 

maximum actual displacement in the east direction (+ sign). A better correlation in 

the predicted strength can be achieved by including the P-δ effect. The correlation 

in the shape of hysteretic loops can also be improved by changing the unloading 

coefficient from 0.5 to 0.7. Fig. 5-39b slightly shows better agreement between the 

predicted and measured hysteretic loops after calculating the P-δ effect and after 

using the new unloading coefficient. Fig. 5-40 shows a comparison between the 

predicted and measured history of the specimen relative displacement. The 

analytical model predicted 88 % of the specimen maximum displacement in the 

west direction (- sign) and 50 % of the maximum displacement in the east 
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direction (+ sign). The large difference in maximum displacement on east side is 

accompanied with a shift in the residual displacement (about 1.0” (25 mm) 

maximum) between the predicted and measured displacement history (Fig. 5-41). 

The difference in residual displacement between the predicted and analytical 

results could be due to the strength deterioration at the column bases at the last 

loadings due to the out-of-plane effects. This impact could not be modeled in the 

DRAIN-3DX program.  

For the short specimen B2CS, the analytical results are summarized in Fig. 

5-42 to Fig. 5-44. Although shear demand was significant in this specimen, the 

analytical model (Takeda’s Model) used in the dynamic analysis for this specimen 

was mainly flexural. Fig. 5-42a shows the load-displacement hysteretic curves for 

both analytical and experimental results. A good agreement between analytical 

and experimental results is achieved except that the impact of P- δ is not included. 

A better correlation in the predicted strength can be achieved by including the P-δ 

effect. After changing the unloading coefficient from 0.5 to 0.70, the shape of the 

hysteretic loops became closer to the experimental ones despite the increase in the 

maximum displacement (Fig. 5-42b). Fig. 5-43 shows a comparison between the 

predicted and measured history of the specimen relative displacement. The 

analytical model predicted 133 % of the specimen maximum displacement in the 

west direction (- sign) and 200 % of the maximum displacement in the east 

direction (+ sign). The large difference in maximum displacement is accompanied 
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with a shift in the residual displacement (about 0.375” (9 mm) maximum) between 

the predicted and measured history (Fig. 5-44). The disagreement in the hystereses 

loops between the analytical and the experimental results is referred to the 

difference between the actual behavior and the behavior that the Takeda’s model 

can predict. This is because the Takeda’s Model was mainly developed for the R/C 

members with flexurally dominated failure whereas the behavior of the short 

specimen included slippage at the column bases in addition to the shear and the 

flexural behavior of the columns. The resampling process (Figs. 5-33a and 5-33b) 

could be also the second reason of having different disagreement between 

analytical and experimental results.  

5.7 Strut-and-Tie Model 

The strut-and-tie model, “STM” is a powerful design tool for concrete 

structures. It was mainly developed for designing the structural D-regions (where 

beam theory is not applicable), and it could be conservatively used for designing 

the structural B-regions (where flexural beam and shear theories are applicable). 

Research about STM and its applications in concrete design has been developed in 

the past 20 years24, 25. Recently, design with STM was added to the ACI 318 

code21. To design a structure using STM the external forces applied on such a 

structure are transferred in the structural body through a combination of struts and 

ties. The joints connecting struts and ties are called nodes. At these nodes, 
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equilibrium is to be maintained for calculating forces in struts and ties. Once the 

forces in the STM are calculated, the design and detailing can be done.   

5.7.1 Specimen Design 

The first step of design is to calculate the external loadings carried by each 

specimen. Since all specimen mass is placed on its cap beam, the lateral seismic 

loading can be modeled as a lateral static force distributed along the cap beam 

body. Fig. 5-45 shows the vertical and lateral loads on each specimen.  As a result 

of the lateral loading, the plastic hinges will form at the column sections and hinge 

bases. To make the problem determinate, the moment capacity of column sections, 

MC1, MC2 and base hinges MB1 and MB2 (Fig. 5-45) were calculated using the 

RCMC program. The level of axial force in each column was based on overall 

equilibrium. 

The second step in design is to define and determine the dimensions of D

regions. According to St. Venant’s principle, D-regions are assumed to extend 

approximately a distance equal to the member depth from the point of disturbance. 

Fig. 5-46 shows the locations of B and D regions in the three specimens after 

assuming a uniformly distributed dead load on the specimen cap-beam. As can be 

seen in this figure, the configuration of D, B-regions is almost identical in the 

three specimens except that the size of B-regions in the columns decrease as the 

column aspect ratio decreases. The third step is to calculate the internal forces at 

the boundaries of the D-regions. 
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5.7.1.1 Columns 

After calculating the yield moment for column sections using the RCMC 

program (assuming initial axial load values), the shear forces carried by each 

column are calculated from the equilibrium of each column individually. The total 

lateral loading simulating the maximum seismic loading is taken as the summation 

of the shear forces of the specimen columns. The resulting level of axial force 

carried by each column is calculated from the overall structure equilibrium. 

Another trial was done to have the exact moment capacity of each column section 

according to the new level of column axial force. In RCMC modeling, the effect of 

strain rate (Section 5-2) on concrete and steel properties was taken into 

consideration to account for the dynamic loading effect. The results for the three 

specimens are shown in Table 5-1. The impact of changing the column axial force 

on the yield moment is also shown in the same table. It is worth noting that despite 

the reduction in axial force level in east column of short specimen, the moment 

capacity of this column is still higher than that in other two specimens. This is 

because the concrete strength of the short specimen columns is higher than the 

strength of the other two specimen columns. This is shown in Table 3-4 in which 

the concrete strength of the short columns is 5.86 ksi (40.4 MPa) while the 

concrete strength of the tall and medium columns is 4.1 ksi (28.3 MPa).  

106
 



 

 

 

 

 

 

 

 

 

5.7.1.1.1 Tall Specimen Columns 

From the RCMC analysis (Table 5-1), the internal forces in east and west 

column boundaries are transferred to tensile and compression forces (Fig. 5-47). 

Shear forces calculated from external equilibrium and carried by each column are 

assumed to act through the compression zone of each section. The flow of forces 

in each column takes the equivalent truss shown in Fig. 5-47. The tie created at 

each column base (4-12, 11-6 at east and west column bases, respectively) is 

located at the centroid of the transverse reinforcement and to simulate the 

specimen detail in which there is no enough transverse reinforcement at the 

column base near the hinge key (see section 6.2.1 and Fig. 6-4a). The locations of 

the ties 4-12 and 11-6 are far enough into the column for the column longitudinal 

reinforcement to be developed. Development does not control because the 

required development length of the column longitudinal reinforcement at joints 6 

and 12 is small as a result of the low forces generated in the longitudinal 

reinforcement close to the column bases. The bearing areas of critical struts (Fig. 

5-47) are calculated from cross-sectional analysis assuming that plane sections 

remain plane (one of the RCMC program assumptions), which gives some 

approximation in this model. Forces are calculated in the D-regions of each 

column after satisfying equilibrium at each joint. Struts 1-2, 2-5, and 3-4 in the 

east column, and struts 7-8, 7-9, and 10-11 (Fig. 5-48) in the west column are 

considered critical because their dimensions are controlled by the bearing areas at 

107
 



                     

                                     

                     

 

 

 

 

 

 

 

  

the top and bottom sections of each column (Fig. 5-47). Ties 5-1 and 4-12 in east 

column, and ties 9-8 and 11-6 in west column are considered critical because of 

their high tensile forces. Stresses in these struts and ties are checked by comparing 

the demand carried by each member to its capacity determined from equations 

5.20, 5.21 and 5.2226. 

For Struts, Fu = ф (0.85 f’c βs Ac ) 5.20 

For Ties, Fu= ф (As fy) 5.21 

For nodes, Fu= ф (0.85 f’c βn An ) 5.22 

The strength reduction factor, ф is taken as 1.0 since the STM is used to 

check the existing design. βs and βn are the strut and node strength factors, 

respectively. βs is taken as 0.75 for the critical struts to account for the spreading 

effect that starts at the strut bearing area. βn is taken as 1.0 for all nodes since no 

ties are being anchored through the critical nodes (nodes 2 and 7). Other nodes 

where ties are being anchored are considered not critical since their dimensions are 

not limited. Ac is the strut bearing area, measured perpendicular to the line of axis 

of the strut. In calculating the strut area, Ac (Figs. 5-47, 5-49 and 5-51), the 

unconfined concrete is deducted from the total bearing area to account for the 

unconfined concrete spalling that is expected when columns reach their yielding 

capacity. As is the steel area tributary to each tie. f’c is the concrete strength of the 

concrete struts and is taken as the actual concrete strength on the day of testing 

after adding the confinement and strain rate effects. The confinement effect was 
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added by increasing the unconfined concrete strength by 35 % (assuming 

Mander’s model27 of confinement) and the strain rate effect was added by 

increasing the unconfined concrete strength by 25 % (Section 5-2). Similarly, the 

steel yield strength, fy is taken as the spiral yield strength after adding the strain 

rate effect (25% increase in steel yield strength as concluded in Section 5-2). 

Equations 5.20, 5.21 and 5.22 are used to calculate the capacity of the critical 

struts, ties and nodes. These capacities are compared (Table 5-5) with the demand 

forces calculated when the system reaches its yielding capacity.  

In Table 5-5, failure is controlled by struts 1-2 and 7-8 (at the plastic hinge 

zone of east and west columns, respectively) since they have the lowest strength/ 

demand ratio. The experimental results however showed no failure at these struts 

where spalling in the strut regions did not extend to the confined core (Figs. 4-52 

and 4-53). This disagreement gives some doubt about the strut spreading factor, βs 

that makes the strut strength satisfactory if its value is changed to unity instead of 

0.75. This finding is also supported by other experiments26 that showed greater 

value of βs. 

At the bases of east and west columns, respectively, struts 3-4 and 10-11 

also fail since their calculated strength is lower than their calculated demand. The 

concrete strength used in these struts was assumed confined regardless the strength 

of nodes 10 and 3. Failure of strut 10-11 agrees with the experimental results in 

which a large piece of concrete spalled on the west side of the west column base 
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(Fig. 4-54) after high levels of loadings. Failure of strut 3-4, however does not 

agree with the experimental results in which no apparent failure was noticed at 

region of this strut (Fig. 4-54). This disagreement could be due to the 

approximation in calculating the strut bearing area at the column-footing interface, 

which requires a linear strain profile. This is not true, especially at the column

footing interface where there is a flexural-shear interaction.  

To compare between the system shear capacity predicted by STM and the 

shear capacity calculated experimentally, the shear force carried by each column is 

reduced based on the lowest member capacity (members 1-2 and 7-8 in east and 

west columns, respectively, Table 5-5). Using STM, the specimen shear capacity 

is predicted to be 28.9 k (129 kN), which is 13 % lower the maximum shear 

capacity calculated experimentally (Table 4-26). This means that the STM 

prediction is conservative. 

5.7.1.1.2 Medium Specimen Columns 

Similar to the tall specimen, the flow of forces in east and west columns are 

represented by the truss model shown in Fig. 5-49. The strut-and-tie-model 

configuration is adjusted at the column bases so that the ties at the bottom of each 

column are located in the centroid of the existing lateral reinforcement. The 

location of these ties also allowed enough development length for the column 

longitudinal reinforcement since the stress in the column longitudinal 

reinforcement at the column bases is minimal. As mentioned in the previous 
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section, the critical struts and ties are chosen based on their locations and their 

force levels. The forces generated in the critical struts and ties in the column D

regions are shown in Fig. 5-50. Equations 5.20 to 5.22 are used to calculate the 

capacity of the critical members. These capacities are compared (Table 5-6) with 

the demand forces calculated when the system reaches its yielding capacity.  

In Table 5-6, failure is controlled by strut 1-2 and tie 9-8 in the east and 

west columns, respectively since they have the lowest strength/demand ratio. The 

experimental results however showed no failure at the region of this strut and no 

yielding in the column transverse reinforcement represented by this tie. A βs factor 

of 0.75 was used in the calculations based on the ACI code21. Since the tests 

showed no failure, the βs factor can be increased more than 0.75. Using the 

experimental results the βs factor can be back calculated to be 0.90. This finding is 

also supported by other experiments26 that showed greater value of βs. 

At the bases of east and west columns, respectively, struts 3-4 and 10-11 

also fail since their calculated strength is lower than their calculated demand. The 

concrete strength used in these struts was assumed confined regardless the strength 

of nodes 10 and 3. Failure of strut 10-11 agrees with the experimental results in 

which a large piece of concrete spalled on the west side of the west column base 

(Fig. 4-34) after high levels of loadings. Failure of strut 3-4, however does not 

agree with the experimental results in which no apparent failure was noticed in 

this region. This disagreement could be due to the approximation in calculating the 
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strut bearing area at the column-footing interface, which requires a linear strain 

profile. This assumption is questionable, especially at the column-footing interface 

where there is a flexural-shear interaction.  

To compare between the system shear capacity predicted by STM and the 

shear capacity calculated experimentally, the shear force carried by each column is 

reduced based on the lowest member capacity (strut 1-2 and tie 9-8 in east and 

west columns, respectively, Table 5-6). Using STM, the specimen shear capacity 

is predicted to be 41.0 k (182 kN), which is 18 % lower the maximum shear 

capacity calculated experimentally (Table 4-24). When the concrete shear 

resistance, Vc taken as 2√f’c  Ac is added to the tie capacity, the shear capacity in 

the west column was increased to 23.9 k (106 KN). This increased the total 

specimen capacity to 44.5 k (198 KN), which is 9.0 % lower than the total 

specimen capacity calculated experimentally. This was not done for the tall 

specimen model because the forces in the ties were not critical. 

5.7.1.1.3 Short Specimen Columns 

Similar to the tall and middle specimens, the truss model transferring the 

boundary forces in each column is shown in Fig. 5-51. The configuration of the 

STM at the east column base is different as the inclination of the strut 3-4 and the 

location of base tension forces makes it difficult to locate a tie close to the column 

base. Critical struts and ties are numbered in Figure 5-52. The forces generated in 

the critical members are also shown in Fig. 5-52. The design process of these 

112
 



 

  

 

 

 

 

 

 

 

 

  

 

 

members is summarized in Table 5-7. As shown in this table, the failure is 

controlled by ties 5-1 and 6-12 in the east and west columns, respectively as they 

have the lowest capacity/demand ratio. Based on this, the specimen shear capacity 

predicted by the STM is 40.7 k (181 kN), which is 56 % lower that the actual 

capacity measured experimentally. This large difference is caused by neglecting 

the concrete shear capacity, Vc taken as 2√f’c Ac, which in reality works with steel 

shear capacity, Vs to constitute the total tie resistance. Table 5-7 shows that after 

adding the concrete shear resistance, Vc to the tie capacity, the specimen overall 

shear capacity becomes 75.5 k (336 kN), which is only 18 % lower than the actual 

capacity.  

5.7.1.2 Beams 

The truss model in Fig. 5-53 represents the flow of forces in each specimen 

beam. This model is basically for connecting the forces generated at the adjoining 

column sections. The model carries the gravity loadings and the equivalent static 

lateral loading. The gravity loading represents the weight of the beam body and 

the weight of the lead buckets. The lateral loading is in equilibrium with the 

specimen column shear forces, which are calculated based on the flexural capacity 

of the column top and bottom sections (Table 5-4). The vertical and horizontal 

loads carried by the beam are distributed over the truss joints (Fig. 5-53). Member 

forces in the STM of each specimen beam are shown in Fig. 5-54. These forces are 

very similar in the three specimens, so there is no need to repeat the design process 
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for each specimen. Table 5-8 shows the design details for the short specimen 

beam, which has the most critical forces of the three beams (Fig. 5-54c). For the 

other two specimens, the beam design will be the same.  

In Table 5-8, Tie 1-2 does not fail. This complies with the experimental 

results in which the beam longitudinal reinforcement did not yield when the 

specimen reached its yielding capacity. Tie 1-3, however fails, which doesn’t 

agree with the experimental results in which the beam transverse reinforcement 

did not yield. This is because the concrete participation for shear resistance, Vc 

taken as 2√f’c bwd is not included in the STM. This in turn reduces the actual 

system shear capacity by about 12 %, which makes the STM conservative. When 

the concrete shear resistance, Vc is included; the tie capacity becomes higher than 

its demand. This makes the STM predict the whole system capacity. Strut 8-11 

does not fail. This agrees with the experimental results in which no significant 

cracks were observed at the region of this strut. The resultant of struts 2-7 & 2-8 

and the resultant of struts 8-9 & 8-10, at the east and west beam-column joints, 

respectively do not fail since their demand is far below their capacity. This agrees 

with the experimental results in which no significant cracks were observed at the 

regions of theses struts (beam-column regions) as discussed in Chapter 4, section 

4.3. 

Since the specimen beam and columns are parts of the same system, the 

capacity of the system will be controlled by the most critical part. Comparing the 
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capacity/demand values for columns and beam in Tables 5-7 and 5-8, respectively, 

it is found that the specimen columns are more critical since they predict a lower 

capacity. The predicted STM capacity of each specimen based on the column 

capacity (the controlling part of the specimen) are shown in Table 5-9. To evaluate 

the STM, the predicted capacity of each specimen is compared with the actual 

capacity calculated experimentally. As shown in Table 5-9, the STM proves to be 

a conservative model as it underestimates the actual system capacity. 
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CHAPTER 6
 

DESIGN RECOMMENDATIONS 


6.1 Introduction 


In this chapter, the current CALTRANS design criteria is evaluated. New 

design details at critical locations are also recommended. The observed and 

measured performance for the specimens in this study and in a similar study28 are 

examined to determine the design advantages and shortcomings. At specific 

locations in each specimen, the observed and measured performance was 

satisfactory which indicated that these locations were well designed. At other 

locations, however, the design details caused undesirable performance. In each 

specimen, the critical locations are those affecting the behavior such as the beam

column joints, the base hinges and the column plastic hinge zones. Based on the 

observed and measured experimental results at these locations, new design details 

are suggested. 

6.2 Behavior of Beam-Column Joints in Current Study 

Beam-column joint is one of the most critical locations in the bent. It is 

responsible for creating the frame action, so any degradation in its strength can 

decrease the total capacity of the frame dramatically. In the three specimens, the 

details of the beam-column joints were simple and constructible. In Fig. 6-1, the 

column longitudinal reinforcement is extended to the beam top reinforcement 

without additional end hooks. Inside the beam-column joint, the column 
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reinforcement is confined with confinement steel that is the same as the column. 

No additional shear reinforcement (either vertical or horizontal) is added in the 

beam-column joint. This reduced the steel congestion in this region and facilitated 

the joint construction. Despite the simplicity of the beam-column joint details, the 

performance at these regions was very satisfactory. Table 6-1 summarizes the 

main experimental results at the beam-column joints in the three specimens. The 

first cracks in the east and west beam-column joints in the three specimens were 

hair line cracks and started at high levels of seismic loadings (at 2, 2 and 1.5 x 

Sylmar for short, medium and tall specimens, respectively). At these levels of 

seismic loadings, the columns, however, experienced significant levels of flexural 

and shear cracks (Figs. 4-6, 4-27 and 4-44 for short, medium and tall specimens, 

respectively).  During the maximum loadings for each specimen (3.25, 3 and 2.75 

x Sylmar for short, medium and tall specimens, respectively), additional cracks did 

develop in the beam-column joints but were narrow and minimal. At maximum 

loadings, the columns, however, experienced high levels of cracks and spalling 

(Figs. 4-13, 4-35 and 4-55 for short, medium and tall specimens, respectively). 

The columns also reached their maximum capacity. This is an indication that the 

strength of the beam-column joints was much higher than that of the columns. The 

measured results also proved a good performance. Column longitudinal 

reinforcement was well developed inside the beam-column joints (Figs. 4-64, 4-70 

and 4-76 for short, medium and tall specimens, respectively). Maximum strains of 
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the column transverse reinforcement inside the beam column joints (the joint shear 

reinforcement) were also far below the yield strains (0.387, 0.135 and 0.25 the 

yield strain in short, medium and tall specimens, respectively) as shown in Figs 4

63, 4-69 and 4-75 for short, medium and tall specimen, respectively. Based on this 

performance, the current details of the beam-column joints (Fig. 6-2) were 

sufficient to protect the joints from failure. As shown in Fig. 6-2, the effective 

width of bridge soffit and deck including their reinforcement is modeled. This 

caused an increase in the beam flexural capacity compared with its demand. The 

maximum actual flexural demand/capacity ratio for the beam critical section was 

found in the short specimen and it was 0.27. The cap-beam moment demand was 

calculated after the columns reached their yielding capacity and the cap-beam 

flexural strength was calculated using the actual material properties on the test day 

(Table 3-4). This low ratio indicates the high flexural capacity for the cap-beam 

section in the three specimens. For the beam shear capacity, based on its shear 

reinforcement details (Fig. 6-2), the maximum shear demand/capacity at critical 

section was found in the short specimen and it was 0.6. This value indicates the 

high shear capacity for the cap-beam section in the three specimens.  

6.3 Behavior of Beam-Column Joints in Similar Study 

The results in this study were compared with a previous study done on 

similar specimens but with architecturally flared columns28. In the previous study, 

the behavior of cap beam and beam-column joints were different. At low levels of 
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seismic loadings (0.5 x Sylmar) cracks were observed at the joint region and at 

high levels of loadings (3.25 x Sylmar) the cap beam and the joint regions were 

extensively damaged. During testing, the gap between column flares and beam 

closed creating higher shear and flexural demands on the cap beam. After gap 

closure, the calculated flexural demand/capacity ratio for the cap beam was almost 

0.85 while the calculated shear demand/capacity ratio was almost 1.40. The high 

shear and flexural demands in the cap beam were observed in extensive shear and 

flexural cracks at beam critical sections.  

6.4 CALTRANS Joint Design 

To evaluate the CALTRANS method for the joint shear design1, the 

principal stresses at the joint region were calculated based on the actual concrete 

and steel properties in both columns and cap beam (Chapter 3). Strain rate effect 

was also included to account for the dynamic loading effect. The maximum 

principal stresses were found in the short specimen joints. The extreme tensile and 

compression principal stresses were +0.52 ksi (3.60 MPa) and –0.81 ksi (5.70 

MPa), at east and west beam-column joints, respectively. In the CALTRANS 

specifications, the principal tensile and compressive stresses in the joint region are 

limited to 12 √f’c ksi (√f’c MPa) and 0.25 f’c, respectively. These limits are 

equivalent to 0.76 ksi (5.3 MPa) and 1.0 ksi (7.0 MPa), respectively for the short 

specimen joints. The calculated tensile and compressive stresses at critical joints 
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were approximately 50 % and 25 % less than the CALTRANS tensile and 

compressive stress limits, respectively. 

In the previous study28, the calculated principal tensile and compressive 

stresses at the joint region after the gap closure of the column flares were +0.80 ksi 

(5.6 MPa) and –1.06 ksi (7.40 MPa) and the CALTRANS tensile and compressive 

stress limits were +0.90 ksi (6.3 MPa) and –1.50 ksi (10.5 MPa), respectively. The 

calculated stresses were approximately 15 % and 45 % less than the CALTRANS 

tensile and compressive stress limits, respectively. The beam-column joints in the 

previous study, however, were severely damaged during seismic loadings. 

Therefore, adjustments are needed in either the stress limits or the methodology. 

For the joints in the current study, the maximum principal tensile stress was +0.52 

ksi (3.60 MPa), which was higher than the CALTRANS tensile stress limit, 3.5√f’c 

ksi (0.29√f’c MPa) for requiring additional shear reinforcement (0.22 ksi (1.54 

MPa)), whereas the behavior in the joint regions (Section 6.2) did not require any 

shear reinforcement. In the previous study28, however, the principal tensile stress 

criterion required additional shear reinforcement in the joint region. Despite that 

this reinforcement was added, the joint behavior was not satisfactory. This 

indicates that the CALTRANS criterion for determining the additional shear 

reinforcement is not reliable. As an alternative for the principal stress method, the 

Strut-and-Tie method can be implemented since it was successful in predicting the 

120
 



 

 

 

 

 

 

 

 

 

behavior of the beam-column joints in the current study (Section 5.7) and in the 

previous study as well.   

6.5 Two-Way Hinge Details  

The two-way base hinges are provided at the column-footing connection to 

eliminate moments transmitted to the foundation in both directions. This in turn 

reduces the footing actions and makes footing design simpler and more 

economical29. Practically, the base hinges are detailed to make the flexural 

capacity at the hinge key as small as possible in a way that maintains the bearing 

and shear transfer capacity at this region. The base hinge region is subjected to 

three different modes of failure, which can occur individually or together. The first 

mode is the bearing failure, which is not likely in most cases since the section is 

confined by the column and the footing30. The second mode is the flexural failure, 

which can occur due to the pull out of the hinge bars because of the lack of 

development length or the concrete crushing at the edge of the hinge caused by 

gap closure in case of small hinge gap depth. The third mode is the shear failure, 

which is the most critical and complicated one. The shear capacity stems from the 

concrete friction at the column-footing interface caused by the column axial force 

and increased by the dowel clamping force activated by tension. When there is an 

interaction between the second and third mode (the flexural and shear friction 

modes), the hinge base can reach its flexural capacity before reaching the shear

friction capacity. This is because the shear corresponding to the base flexural 
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capacity is much lower than the shear-friction resistance. This causes the hinge 

dowels at the hinge base to yield in flexural and in turn diminishes their 

effectiveness in the shear-friction mechanism. A good arrangement of hinge 

dowels at the hinge base could delay the flexural yielding of some of the dowels. 

This in turn makes these dowels share in the shear-friction resistance. One of the 

aims of this study is to investigate this effect.   

6.5.1 Two-Way Hinge Behavior in Current Study 

For the three specimens, the main configuration of the column base hinges 

was derived from CALTRANS details and recommendations1. As shown in Fig. 6

3, the hinge key is formed by reducing the column cross-sectional area by almost 

30 % and by terminating the column longitudinal reinforcement at the column

footing interface. Dowels are not collected in the hinge center but they are 

distributed as shown in Fig. 6-3a. This arrangement allows half of the hinge 

dowels to be located close to the neutral axis where the flexural tension is small. 

This could allow half of the dowels to work effectively in the shear-friction 

mechanism under moderate seismic loadings while the other half only works in the 

flexural tension mechanism. The dowels are also well developed to prevent 

flexural pull out. The hinge key depth was taken as 0.5” (13 mm) to provide 

enough room for the column base rotation before the hinge gap closes. The 

behavior of the hinge base in the three specimens was satisfactory at moderate 

levels of loadings (Tables 4-4 to 4-6). After high levels of loadings (3.25, 3.0 and 
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2.75 x Sylmar for short medium and tall specimens, respectively), however, 

damage was observed at the hinge bases. As shown in Figs. 4-9, 4-36 and 4-57 for 

short, medium and tall specimens, respectively, a large piece of concrete spalled 

out on the west side of the west column base in each specimen. This result 

indicated a shortcoming in the hinge base details for the three specimens. More 

confinement is needed at the location of spalling at the very bottom of the column. 

As shown in Fig. 6-3b, the column longitudinal reinforcement should be kept 

straight allowing the column transverse reinforcement to cover the region at the 

very bottom of the column. It is worth noting that removing the hooks from the 

column longitudinal reinforcement will not affect the behavior of the region since 

the tensile forces in these bars at the column base are minimal (see Figs. 5-48, 5

50 and 5-52 for the tall, medium and short specimens, respectively).  

The measured curvatures at the hinge base location showed possible hinge 

gap closure in the medium and tall specimens (Sec. 4.4.4). This requires some 

enlargement in the hinge gap depth (more than 0.5” (13 mm)) to accommodate the 

maximum column base rotation. Based on the maximum measured curvature at the 

base hinges in medium and tall specimens (Figs. 4-154 and 4-160), the gap hinge 

can be conservatively taken as 1.0” (25 mm) assuming that the center of rotation at 

the base hinge is the center of gravity of the hinge cross-section. In the prototype 

bridge, the hinge gap can be taken as 3.5” (88 mm) based on the scale ratio. 
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The column bases in each specimen experienced some shear sliding 

(section 4.4.7). For the short specimen, the maximum base sliding was 0.56” (14 

mm) and it occurred in the east column base, whereas in the west column base, the 

sliding was minimal (0.1” (3 mm)). It is important to note that the sliding at the 

east column base will be very difficult to retrofit in the prototype. The maximum 

base sliding in this specimen is considered significant since it represents 23 % of 

the specimen maximum displacement. For the medium and tall specimens, 

however, sliding was insignificant. For these two specimens, base sliding at east 

and west column bases was very close (section 4.4.7). The average sliding 

displacements of the two column bases in the medium and tall specimens were 

0.18” (5 mm) and 0.125” (3 mm), respectively. These sliding displacements 

represent 2.8 % and 1.25 % of the maximum displacement of the medium and tall 

specimens, respectively. This indicates that as the column aspect ratio increases, 

the shear-sliding mechanism becomes insignificant as a result of decreasing the 

column shear demand. To determine the other factors that could reduce the shear 

sliding, the behavior at the column bases in this study is compared with a previous 

study having a different hinge configuration. 

6.5.2 Behavior of Two-Way Hinges in Previous Study28 

To evaluate the behavior of the base hinges in this study, the observed and 

measured results from this study are compared with others from the previous study 

done on two-column specimens with architectural flares28. To have a valid 
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comparison, the results from the previous study are only taken before the gap 

closure at the column flares. The results of specimens LFCD1 and LFCD2 from 

the previous study are compared with the medium specimen B2CM results in the 

current study since they have approximately the same aspect ratio (≈ 4.50). The 

results from specimen SFCD2 from the previous study are also compared with the 

short specimen B2CS in the current study since the two specimens almost have the 

same aspect ratio (≈ 2.5). 

For the shear-sliding behavior, the specimens in the current study behaved 

much better than the previous study28. The base slippage in the previous study 

specimens was much higher than the current study specimens at the same 

normalized loading (Fig. 6-4). The values of loadings and the corresponding 

displacements in this figure were taken at 0.5, 0.75, 1.0 and 1.25 x Sylmar in both 

current and previous studies. As can be seen in Fig. 6-4a, the average base 

slippage in the previous study specimens (LFCD1 & LFCD2) is 2.5 times as the 

average base slippage in the current study specimen (B2CM) at 90 % of the 

yielding capacity. In Fig. 6-5b the average base slippage in the previous study 

specimen (SFCDS) reaches about 1.5 times the base slippage in the current study 

specimen (B2CS) at 60 % of their yielding capacity. The previous normalized 

comparison (Fig. 6-4) was only before specimen yielding since the gap closure in 

the previous study specimens started at the yielding limit.  
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The reduction of the base slippage in the current study specimens stems 

from the enhancement of the shear friction mechanism. The shear-friction 

equation 5.19 (Q = µC) developed in chapter 5, section 5.5.3.1 is applicable at high 

seismic demands (3.25 x Sylmar) by which all the hinge dowels at the column 

base surface reach their yielding strength. At moderate seismic loading (which 

existed in the comparison case in Fig. 6-4), however, half of the hinge dowels 

reach their yielding strength while the other half is stressed below the yield stress 

(could be close to the flexural neutral axis). Since the tensile stress in half of 

dowels is small, they could resist some of the shear force by dowel action. This is 

shown in the von Mises yielding criterion, which allows the steel to resist shear as 

long as its tensile stress is below yielding (σ2
x + 3 τ2xy = σ2

y). In addition, the low 

stressed half of the hinge dowels can add some clamping force as the shear sliding 

starts. This helps enhance the shear-friction resistance by changing equation 5.19 

to equation 6.1. 

Q = µ(C1 + σxs As/2) + τxy As/2 6.1 

Where Q is the total shear-friction resistance, µ is the coefficient of friction at the 

column base, σxs is the portion of the bar tension capacity that is provided to the 

shear-friction mechanism, As/2 is half of the hinge-dowel area, τ is the shear 

resistance remaining after the effect of σxs of the half of the hinge dowels and C1 is 

the flexural concrete compression force at the east column base (section 5.5.3.1) 

that can be taken as fy As/2 since axial force in the east column is essentially zero. 
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After flexural yielding, it is required to know how much of the bar capacity should 

be allocated to the shear-friction mechanism and how much to the dowel action. 

In the current study, the Ddowel / Dhinge base is 0.57 (Fig. 6-4a) whereas in the 

previous study28 (Fig. 6-4c), the hinge dowels were concentrated at the centroid of 

the column base (Ddowel / Dhinge base = 0.18). This makes all the hinge dowels in the 

previous study yield at the same time. In this case, the shear-friction is only 

resisted by equation 5.19 (Q = µC2). Where C2 is the flexural compression force 

(section 5.5.3.1) and in this case is the total hinge-dowel area, As, times the dowel 

yield stress, fy, as a result of the low axial force in the east column. To compare 

between equations 5.19 and 6.1, a reasonable value of σxs should be assumed and 

the corresponding value of τxy can be determined. Assuming σxs is 0.8σy, the 

remaining shear strength (by the von Mises yield criterion) is calculated as 0.35σy. 

This makes the shear resistance, Q equal 0.803σy  As after substituting µ by 0.70 

(section 5.5.3). In equation 5.19, however, the shear resistance is calculated as 

0.7σy As. Based on this, the shear resistance in the current study (equation 6.1) is 

14.7 % higher than in the previous study (equation 5.19). This is the reason of the 

limited shear sliding at the column bases in the current study under the moderate 

loadings (from 0.50 to 1.25 x Sylmar) as shown in Fig. 6-4. Based on the previous 

result, it is advisable to increase the number of hinge dowels and to compensate 

the corresponding increase in the hinge flexural capacity by reducing the hinge 

cross section (Fig. 6-3b). The increase in the hinge dowel number increases the 
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tensile force in the hinge cross-section and in turn adds more compression force. 

This enhances the shear-friction resistance, µC. As a result of the new dowel 

configuration (Fig. 6-3b), more shear resistance (dowel action) for the dowels 

located close to the hinge neutral axis should be included. This analytical finding 

for the hinge configuration should be also experimentally verified.  

In addition to the suggested hinge configuration, the minimum shear and 

bearing strengths at the hinge cross-section should also be satisfied.  

6.6 Shear Capacity   

Extensive experimental tests have been performed on single columns to 

develop equations to predict the column shear capacity17. The CALTRANS shear 

design method1 has also been examined for a wide range of single columns17. It 

has been found that this method for shear strength is conservative as it predicted 

the lower bound strength of the test columns. However, for the multi-column 

systems the CALTRANS shear design method has not been as extensively 

evaluated. The results from this study will be used to examine the updated 

CALTRANS shear equations. The new UCSD shear equation17 will also be used. 

In both methods, the angle of shear cracks is taken as 45˚. In both methods, the 

shear capacity of each column is calculated based on the level of ductility 

measured experimentally (see Table 4-31). The yield displacement of each column 

is taken as the average yield displacement of the whole specimen after idealizing 

the experimental load-displacement curve. The level of axial force in each column 
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at each loading is calculated analytically since the specimen is statically 

indeterminate. The change of axial load between the specimen columns is also 

included. For each column, the shear capacity is calculated after determining the 

level of axial force and ductility at each loading. In the CALTRANS and the new 

UCSD shear equations, the effect of strain rate (section 5.2) on the concrete and 

transverse reinforcement properties is included. The total shear capacity of the 

specimen is taken as the sum of the shear capacities for each column. Figs. 6-5, 6

6 and 6-7 show the shear capacities of tall, medium and short specimens, 

respectively compared with the actual shear demand calculated at each loading. In 

the three specimens, the point of shear failure does not exist as there is no 

intersection between the shear demand and capacity envelopes. This complies with 

the experimental results in which the three specimens did not fail in a shear mode. 

In the tall B2CT and middle B2CM specimens (Figs. 6-5 and 6-6), the new UCSD 

is more conservative than the CALTRANS shear equation while in the short 

specimen B2CS (Fig. 6-7), the CALTRANS shear equation becomes more 

conservative after the ductility level of 0.90. This finding agrees with the previous 

tests performed on single columns17. 
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CHAPTER 7


 SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 


7.1 Summary 

To investigate the CALTRANS design criteria for two-column bridge 

bents, three 0.3-scale models were designed according to the updated CATRANS 

specifications1. The focus was on the column confinement, the hinge bar 

development length, the beam-column joint configuration and the cap-beam 

reinforcement details. The three specimens were identical except in their column 

aspect ratios. The three specimens were classified as tall, medium and short 

specimens. The tall and medium specimens had the column aspect ratios of 6.64 

and 4.5, respectively while the short specimen had the column aspect ratio of 2.5. 

A preliminary dynamic analysis was performed using the RC-Shake program to 

choose the earthquake record that can be used in testing the three specimens. The 

Sylmar record from the 1994 Northridge Earthquake, was chosen as the most 

critical one. The three specimens were subjected to increasing amplitudes of the 

Sylmar record 1994. Each specimen was connected to approximately 140 channels 

of the data acquisition to record reinforcement strains, specimen accelerations and 

displacements generated during loading. The observed behavior was also recorded 

by marking the cracks generated after each loading. To analyze the experimental 

results, the three specimens were modeled using a 2D-beam model. For the tall 

130
 



 

 

      

  

 

 

 

 

 

and medium specimens, the flexural behavior at critical locations was represented 

by lumped flexural springs. For short specimen, additional shear springs were 

added to model the shear-friction mechanism at the column bases. Another model 

(the Strut-and-Tie-Model) was used to understand the behavior at the specimen 

joints and column bases. 

7.2  Conclusions 

The main conclusions of this study are based on the research findings 

detailed in chapters 4, 5 and 6. Some of these findings are based on the 

experimental observations while others are based on the analytical results. The 

experimental findings can be summarized as follows: 

o The tall and medium specimens behaved satisfactorily as their behavior 

was controlled by flexure. They experienced large levels of ductility and 

drift before failure. The tall specimen (with aspect ratio of 6.64) reached 

the ductility and drift levels of 7.7 and 10.8 %, respectively. The medium 

specimen (with aspect ratio of 4.5) reached the ductility and drift levels of 

5.8 and 10.2 %, respectively. 

o The short specimen (with aspect ratio of 2.5), however, behaved with a 

combined flexural/shear mode. Before failure, the short specimen reached 

the ductility and drift levels of 4.3 and 4.9 %, respectively. 

o As a result of the small aspect ratio of the short specimen columns, they 

had high shear demands at the column bases. Sliding failure at the base of 
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the short specimen columns precluded the columns from reaching their 

maximum flexural capacity. 

o In all specimens, the column flexural concrete spalling was well contained 

and the column-confined core was almost intact at high levels of loadings. 

o The cap beam in the three specimens experienced only limited cracking. 

Modeling the effective width of the bridge soffit and deck in the specimen 

caps added significant flexural capacity to the cap beam. This in turn 

reduced the impact of the flexural demands on the cap beam. 

o Despite the simplicity of the beam-column joint details, they were 

sufficient to protect the joints from failure. In the three specimens, the 

measured and observed results assured that the joint strength was 

significantly higher the adjoining columns. 

o During peak seismic loading levels (3.25, 3.0 and 2.5 x Sylmar for the 

short, medium and tall specimens), the lack of confinement close to the 

column hinges was translated into significant spalling at the column bases 

in three specimens. 

o The two-way hinge details in this study were more successful than other 

details in a previous study in controlling the slippage at the column bases 

under moderate seismic loadings (from 0.5 to 1.25 x Sylmar) because the 

hinge steel was more distributed. 
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In addition to the experimental conclusions, the following conclusions from 

the analytical work were made.  

o Using the simple analytical models (2D-beam with the lumped plasticity 

model) in SAP2000 and RAM Perform programs predicted the behavior of 

the three specimens with good correlation with the experimental results. 

o Using the Takeda model in DRAIN-3DX accurately predicted the nonlinear 

seismic response of the flexurally dominated specimens. For the last 

specimen where shear was significant, the predicted response became 

slightly different than the actual response. 

o The behavior of the column bases in the short specimen was well defined. 

In the east column base, the shear-friction mechanism was dominant as a 

result of the low axial force in the east column. A three-segment model of 

load versus displacement was developed from the experimental results in 

this study and in another study. The three-segment model can be used to 

interpret the shear-friction mechanism. To model this mechanism, a lumped 

spring carries the properties of the three-segment model can be added at the 

column base. In the west column base, however, the large axial force 

controlled the base slippage and precluded the shear-friction mechanism to 

form. The compression failure at the west column base was well 

recognized by the strut-and-tie model.  
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o The use of the strut-and-tie-model was useful in understanding the behavior 

of the beam-column joints. 

o The strut-and-tie model was successful in predicting the specimen capacity. 

It predicted 92%, 83% and 88.5% of the short, medium and tall specimen 

capacities, respectively. 

7.3 Recommendations 

o Using the SAP2000 and RAM Perform programs is recommended for 

performing the nonlinear static analysis (push-over analysis). The use of 

RAM Perform program is considered easier than SAP2000 since it requires 

the moment-curvature relationships directly instead of calculating the 

plastic hinge rotations. Despite this advantage, care must taken in modeling 

the reinforcement slippage effect. 

o Using the Takeda model in Drian-3DX program is recommended for 

predicting the nonlinear dynamic response of flexurally dominated 

structures. Shear models should be included in the DRAIN-3DX to work in 

parallel with the flexure Takeda model to accurately predict the behavior of 

shear/flexure structures. 

o	 Strut-and-tie-model (STM) is a powerful and conservative design tool. It is 

strongly recommended to use STM to predict stresses at the beam-column 

joints and at the hinge bases. 
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o The CALTRANS shear equation is more conservative than the new UCSD 

shear equation. It is recommended to use this equation in the column 

design. 

o	 To control slippage at the hinge bases, care must be taken in distributing 

the hinge dowels in the hinge cross-section. The well-distributed dowels 

can enhance the shear-friction resistance, which can limit the shear sliding. 

Increasing the column aspect ratio more than 2.5 is another alternative, if it 

is practical, for reducing the base shear demand and in turn can reduce the 

base sliding. 
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Table 2-1: Main Differences Between Old and New Design 


View of Comparison Substandard 
Specimen 

New Design 

B2CT B2CM B2CS 

Column aspect ratio 6.64 6.64 4.5 2.5 

Columns confinement ratio, ρs 0.0017 0.00784 

Beam confinement ratio, 
ρs= ρx+ ρy 

0.00237 0.00835 0.00835 0.00974 

Column longitudinal  
reinf. ratio, ρl 

1.95 % 1.95 % 

Beam longitudinal reinf. ratio 0.39 % 0.45 % 

Development length of hinge 
bars into the columns bases 7” 17” 

Development length of column 
longitudinal reinf. into the 

beam-column joint 
14” 16” 

Confinement of column long. 
reinf. inside the  

beam-column joint 
0 0.00784 
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Table 3-1: Concrete Mix Design for Footings and Short Columns 


Criterion Value 
For one cubic yard 

Cement-Nevada Type II 611 lbs (277 kg) 
Water 301 lbs (137 kg) 

No. 67 Stone 1425 lbs (646 kg) 
Sand 1193 lbs (541 kg) 

Daracem 55 1.94 lbs (0.88 kg) 
Daracem 19 1.94 lbs (0.88 kg) 

Concrete Design Properties 
Unit Weight  130.5 pcf (2090 kg /m3) 

Water-Cement Ratio by weight 0.50 
Maximum Aggregate Size 1 / 2” (13 mm) 

Air Content 1.4 % 
28-Day Compressive Strength 5000 psi (35 MPa) 

Slump 3” (75 mm) after Daracen 55 
6.5” (163 mm) after Daracem 19 

Table 3-2: Concrete Mix Design for Tall, Middle Columns and all Beams 


Criterion Value 
For one cubic yard 

Cement-Nevada Type II 705 lbs (277 kg) 
Water 305 lbs (137 kg) 

No. 8 Stone 1103 lbs (646 kg) 
Sand 1614 lbs (541 kg) 

Master Building Micro Air 7.1 lbs (3.2 kg) 
Master Building 344N 42 lbs (19 kg) 

Concrete Design Properties 
Water-Cement Ratio by weight 0.43 
28-Day Compressive Strength 4500 psi (31 MPa) 

Slump 3.5 in. (88 mm) 
Air Content 6 % 
Unit Weight  138.1 pcf (2212 kg /m3) 

Maximum Aggregate Size 3/8” (9 mm) 
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Table 3-3: Measured Properties of Steel Samples 


Bar # 
Average Results 

Yield Strength Ultimate Strength 

# 3 
68.4 ksi 
471 MPa 

107.7 ksi 
742 MPa 

# 4 
65.0 ksi 
448 MPa 

100.3 ksi 
691 MPa 

# 5 
65.9 ksi 
454 MPa 

100.8 ksi 
695 MPa 

# 6 
63.6 ksi 
438 MPa 

102.0 ksi 
703 MPa 

Gage 2 
 (Before Heat-Treatment) 

107.0 ksi 
738 MPa 

117.0 ksi 
807 MPa 

Gage 2 
 (After Heat-Treatment 

60.0 ksi 
414 MPa 

82.5 ksi 
569 MPa 

Table 3-4: Measured Compressive Strength of Concrete Cylinders 


Structural Member 
 of each Specimen 

Test Results 

At 7 Days At 28 
Days 

At the Test Day 

Short Middle Tall 

All footings 
3.50 ksi 

24.0 MPa 

4.80 ksi 

33.0 MPa 

5.44 ksi 

37.5 MPa 

5.44 ksi 

37.5 MPa 

5.44 ksi 

37.5 MPa 

Columns 

Short 
3.83 ksi 

26.4 MPa 

5.3 ksi 

36.5 MPa 

5.86 ksi 

40.4 MPa 

------ -------

Middle  
& Tall 

2.83 ksi 

19.5 MPa 

3.95 ksi 

27.0 MPa 

------ 4.10 ksi 

28.3 MPa 

4.11 ksi 

28.3 MPa 

Beams 

Short 
2.83 ksi 

19.5 MPa 

3.95 ksi 

27.0 MPa 

4.00 ksi 

27.6 MPa 

--------

--------

-------

--------

Middle  
& Tall 

3.01 ksi 

20.8 MPa 

4.77 ksi 

33.0 MPa 

--------

--------

4.84 ksi 

33.4 MPa 

4.84 ksi 

33.4 MPa 
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Table 4-1: Testing Sequence for Specimen B2CS 


Run 
No. Motion 

Maximum 
Target Shake 

Table 
Acceleration 

Maximum 
Achieved Shake 

Table 
Acceleration 

Achieved 
to Target 

1 Snap before compensation 

2 0.20 x Sylmar 0.12g 0.14g 1.17 

3 Snap after 0.20x Sylmar 

4 0.25 x Sylmar 0.15g 0.17g 1.13 

5 0.50 x Sylmar 0.30g 0.26g 0.87 

6 0.75 x Sylmar 0.45g 0.39g 0.87 

7 1.00 x Sylmar 0.60g 0.57g 0.95 

8 Snap after 1.00x Sylmar 

9 1.25 x Sylmar 0.75g 0.75g 1.00 

10 1.40 x Sylmar 0.84g 0.82g 0.98 

11 1.75 x Sylmar 1.05g 1.04g 0.99 

12 2.00x Sylmar 1.20g 1.31g 1.09 

13 Snap after 2.0 x Sylmar 

14 2.125 x Sylmar 1.28g 1.48g 1.16 

15 2.25 x Sylmar 1.36g 1.53g 1.13 

16 2.375 x Sylmar 1.43g 1.60g 1.12 

17 2.50 x Sylmar 1.50g 1.65g 1.10 

18 2.625 x Sylmar 1.58g 1.59g 1.01 

19 2.75 x Sylmar 1.66g 1.60g 0.96 

20 3.00 x Sylmar 1.81g 1.76g 0.97 

21 3.25 x Sylmar 1.96g 1.95g 0.99 
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Table 4-2: Testing Sequence for Specimen B2CM 


Run 
No. Motion 

Maximum 
Target Shake 

Table 
Acceleration 

Maximum 
Achieved 

Shake Table 
Acceleration 

Achieved to 
Target 

1 Snap before compensation 

2 0.10 x Sylmar 0.06g 0.09g 1.50 

3 0.20 x Sylmar 0.12g 0.15g 1.25 

4 0.25 x Sylmar 0.15g 0.18g 1.20 

5 0.50 x Sylmar 0.30g 0.33g 1.10 

6 0.75 x Sylmar 0.45g 0.40g 0.89 

7 1.00 x Sylmar 0.60g 0.51g 0.85 

8 Snap after 1.00x Sylmar 

9 1.25 x Sylmar 0.75g 0.54g 0.72 

10 1.40 x Sylmar 0.84g 0.66g 0.79 

11 1.50 x Sylmar 0.90g 0.87g 0.97 

12 1.75 x Sylmar 1.05g 1.09g 1.04 

13 2.00x Sylmar 1.20g 1.27g 1.06 

14 Snap after 2.0 x Sylmar 

15 2.25 x Sylmar 1.36g 1.47g 1.08 

16 2.50 x Sylmar 1.51g 1.64g 1.09 

17 2.75 x Sylmar 1.66g 1.71g 1.03 

18 3.00 x Sylmar 1.81g 1.90g 1.05 
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Table 4-3: Testing Sequence for Specimen B2CT
 

Run 
No. Motion 

Maximum 
Target Shake 

Table 
Acceleration 

Maximum 
Achieved Shake 

Table 
Acceleration 

Achieved 
to Target 

1 Snap after Tuning 

2 0.10 x Sylmar 0.06g 0.05g 0.83 

3 0.20 x Sylmar 0.12g 0.09g 0.75 

4 0.25 x Sylmar 0.15g 0.15g 1.00 

5 0.50 x Sylmar 0.30g 0.23g 0.77 

6 0.75 x Sylmar 0.45g 0.36g 0.80 

7 0.85 x Sylmar 0.51g 0.50g 0.98 

8 1.00 x Sylmar 0.60g 0.60g 1.00 

9 1.25 x Sylmar 0.75g 0.80g 1.07 

10 Snap after 1.25 x Sylmar 

11 1.50 x Sylmar 0.90g 0.98g 1.09 

12 1.75 x Sylmar 1.05g 1.07g 1.02 

13 2.00x Sylmar 1.20g 1.21g 1.01 

14 Snap after 2.0 x Sylmar 

15 2.25 x Sylmar 1.36g 1.35g 0.99 

16 2.50 x Sylmar 1.51g 1.55g 1.03 

17 2.75 x Sylmar 1.66g 1.66g 1.00 

18 Snap after 2.75 x Sylmar 
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Table 4-4a: Test Summary for Short Specimen, B2CS 


Colum 
Hinge 
Base 

0.20 
0.25 
0.50 
0.75 

No observed cracks 

1.00 First flexural cracks appeared at 
plastic hinge zones 

1.25 

1.40 

First shear 
cracks appeared 
at plastic hinge 

zone 

First shear 
cracks 

appeared 
in east 
joint 

1.75 

2.00 Shear cracks largely distributed 
along the whole column length 

First shear 
cracks 

appeared 
in west 

joint 

2.125 
2.25 
2.375 

2.50 

First 
concrete 
spalling 

occurred on 
the east side 

at plastic 
hinge zone 

Considered 
intact 

147
 



 

 
 

ns Loading 
Times 
Sylmar East 

Column West Column 

Beam-
Column 

Joint 

Cap 
Beam 

   
   

 
   

  

  
 

 

 
 

 
 

 

 
 

 

 
 

 

Table 4-4b: Test Summary for Short Specimen, B2CS
 

Colum 
Hinge 
Base 

2.625 
2.75 

3.00 

Spalling started 
to expose the 
confinement 

reinforcement 
on the east side 
at plastic hinge 

zone 

3.25 

Considered 
intact 

A large piece 
of concrete 

spalled out on 
the west side 
of the west 

column base 
leaving the 

column 
longitudinal 

and transverse 
reinforcement 

exposed. 
A significant 
slippage 0.6” 

(14mm) 
toward the 

west direction 
occurred at 

the east 
column base 

General 
Condition 
after the 

last 
loading 

Shear cracks are distributed along the whole length of each column. 
Concrete spalling at plastic hinge zones was well contained where the 

transverse reinforcement only is partially exposed 
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Table 4-5a: Test Summary for Middle Specimen, B2CM 


Colum 
Hinge 
Base 

0.10 No significant cracks 

0.20 Minor flexural cracks at plastic 
hinge zones 

0.25 
0.50 
0.75 
1.00 

Increase of length and number of 
flexural cracks and distribution of 

cracks over larger areas 

1.25 

Shear cracks appeared in plastic 
hinge 

 Spalling started on the east sides at 
plastic hinge zones  

Minor 
concrete 
spalling 
started 
on the 

1.40 

Minor 
shear 
cracks 

started in 
east and 

west joints 

1.50 

Spalling 
increased till 
exposing the 

transverse 

1.75 

2.00 

Spalling 
increased till 
exposing the 

transverse 
reinforcement on 
the east side at 
plastic hinge 

zone 

Spalling 
increased till 

exposing 
longitudinal 

reinforcement on 
the east side at 
plastic hinge 

zone 

2.25 

Spalling 
increased till 

exposing 
longitudinal 

reinforcement on 
the east side at 
plastic hinge 

zone 

Minor 
cracking 

occurred at 
the bent cap 

bottom 
close to the 
west side of 

the west 
column  

Vertical 
cracking 
appeared 

on the 
west 

side of 
the west 
column 

base 
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Table 4-5b: Test Summary for Middle Specimen, B2CM 


Colum 
Hinge 
Base 

2.50 

2.75 
(Specimen 

leaned 
toward the 

north 
direction) 

Spalling increased to make the 
longitudinal and transverse 
reinforcement more visible 

Cracking 
increased at 

the same 
location 
without 

exposing any 
reinforcement 

3.00 

Spalling 
deeply 

increased on 
the east side at 
plastic hinge 

zone leaving a 
part of 

longitudinal 
reinforcement 
unsupported 

causing 
buckling in this 
reinforcement 

Concrete 
spalled 

out on the 
west side 

of the 
west 

column 
base 

General 
condition 

after  
the last 
loading 

The flexural behavior was clearly shown in the specimen column. Concrete 
spalling was concentrated at plastic hinge zones of each column. Clear 

damage was shown on the west side of the west column base. The 
specimen cap beam is considered intact. The specimen leaned out-of-plane 

toward the north direction. 

150
 



 

 
 

ns Loading 
Times 
Sylmar East Column West Column 

Beam-
Column 

Joint 

Cap 
Beam 

  

 

  

 
  

 
  

  

 

 

 

 

 

 

 

 
  

 

Table 4-6a: Test Summary for Tall Specimen, B2CT
 

Colum 
Hinge 
Base 

0.1 No Significant Cracks 

0.2 Minor flexural cracks at plastic 
hinge zones 

0.25 

0.50 

0.75 

0.85 

1.0 

Increase of length and number of 
flexural cracks and distribution of 

cracks over larger areas  
Minor 
shear 

cracks in 

1.25 Shear cracks at plastic hinge zones 
of each column 

1.50 

First concrete 
spalling 

occurred on the 
west and east 
sides at plastic 

hinge zone 

First concrete 
spalling on the 

east side at 
plastic hinge 

zone  

Minor 
shear 

cracks in 
east and 

west 
joints 

1.75 

24.00 

Spalling 
exposed the 
transverse 

reinforcement 
on the west side 

First spalling 
occurred on the 

west side at 
plastic hinge 

zone 

Beam is 
considered 

intact 

No 
significant 

cracks 

2.25 

Spalling 
exposed the 
transverse 

reinforcement 
on the east side 

Vertical 
cracks 

appeared on 
the west 

side of the 
of the west 

column 
base 
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Table 4-6b: Test Summary for Tall Specimen, B2CT
 

Colum Hinge 
Base 

2.50 

(After this 
loading, the 
specimen 

leaned 
toward the 

north 
direction) 

Spalling 
increased till 
exposing the 
longitudinal 

reinforcement 
on the east 

and west sides 
at plastic 

hinge zones 

Spalling 
increased till 
exposing the 
longitudinal 

reinforcement 
on the east side 
at plastic hinge 

zone 

Minor 
cracking 
occurred 

at the 
bent cap 
bottom 
close to 
the west 
side of 

the west 
column  

Concrete 
spalled out the 

west side of 
the west 

column base 
till exposing 
the column 
transverse 

reinforcement 

2.75 

Spalling increased without 
affecting the column concrete 
core and without exposing any 
reinforcement on the west side 

of the west column 

Concrete 
spalling 

increased on 
the west side 
of the west 

column base 
till exposing 
parts of the 

column 
Longitudinal 
reinforcement 
while the east 
column base 

was 
considered 

intact 

General 
condition 
after the 

last 
loading 

The flexural behavior was clearly shown in the specimen column. 
Concrete spalling was concentrated at plastic hinge zones of each column. 
Clear damage was shown on the west side of the west column base. The 

specimen cap beam is considered intact. The specimen leaned out-of-
plane toward the north direction. 
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Table 4-25: Measured Peak Forces and Peak Displacements for Specimen B2CS 

Loading 
Point of Peak Force Point of Peak Displacement 

Max. Force Corresponding 
Displacement 

Max. 
Displacement 

Corresponding 
Force 

0.2 x 
Sylmar 

13.00 
57.80 

(kips) 
(kN) 

0.09 
2.16 

(in.) 
(mm.) 

0.11 
2.80 

(in.) 
(mm.) 

5.00 
22.00 

(kips) 
(kN) 

0.25 x 
Sylmar 

15.60 
69.40 

(kips) 
(kN) 

0.09 
2.29 

(in.) 
(mm.) 

0.12 
2.90 

(in.) 
(mm.) 

6.25 
27.80 

(kips) 
(kN) 

0.50x 
Sylmar 

30.45 
135.60 

(kips) 
(kN) 

0.13 
3.30 

(in.) 
(mm.) 

0.14 
3.60 

(in.) 
(mm.) 

15.00 
66.70 

(kips) 
(kN) 

0.75 x 
Sylmar 

42.25 
187.90 

(kips) 
(kN) 

0.18 
4.45 

(in.) 
(mm.) 

0.18 
4.06 

(in.) 
(mm.) 

40.00 
178.00 

(kips) 
(kN) 

1.0 x 
Sylmar 

48.30 
214.85 

(kips) 
(kN) 

0.21 
5.40 

(in.) 
(mm.) 

0.24 
6.10 

(in.) 
(mm.) 

40.00 
178.00 

(kips) 
(kN) 

1.25 x 
Sylmar 

54.60 
242.90 

(kips) 
(kN) 

0.25 
6.35 

(in.) 
(mm.) 

0.26 
6.60 

(in.) 
(mm.) 

35.00 
156.00 

(kips) 
(kN) 

1.4x 
Sylmar 

64.00 
285.00 

(kips) 
(kN) 

0.43 
10.80 

(in.) 
(mm.) 

0.44 
11.20 

(in.) 
(mm.) 

60.00 
267.00 

(kips) 
(kN) 

1.75 x 
Sylmar 

56.00 
249.00 

(kips) 
(kN) 

0.42 
10.70 

(in.) 
(mm.) 

0.42 
10.70 

(in.) 
(mm.) 

56.00 
249.00 

(kips) 
(kN) 

2.00 x 
Sylmar 

75.00 
334.00 

(kips) 
(kN) 

0.55 
14.00 

(in.) 
(mm.) 

0.72 
18.30 

(in.) 
(mm.) 

55.00 
245.00 

(kips) 
(kN) 

2.125 x 
Sylmar 

75.30 
337.00 

(kips) 
(kN) 

0.74 
18.80 

(in.) 
(mm.) 

0.90 
22.90 

(in.) 
(mm.) 

52.50 
234.00 

(kips) 
(kN) 

2.25 x 
Sylmar 

79.00 
351.00 

(kips) 
(kN) 

0.55 
14.00 

(in.) 
(mm.) 

1.03 
26.20 

(in.) 
(mm.) 

50.00 
222.00 

(kips) 
(kN) 

2.375 x 
Sylmar 

84.00 
374.00 

(kips) 
(kN) 

0.75 
19.00 

(in.) 
(mm.) 

1.17 
29.70 

(in.) 
(mm.) 

50.00 
222.00 

(kips) 
(kN) 

2.50 x 
Sylmar 

79.75 
355.00 

(kips) 
(kN) 

1.05 
26.70 

(in.) 
(mm.) 

1.34 
34.00 

(in.) 
(mm.) 

62.50 
278.00 

(kips) 
(kN) 

2.625 x 
Sylmar 

80.00 
356.00 

(kips) 
(kN) 

1.20 
30.50 

(in.) 
(mm.) 

1.53 
38.90 

(in.) 
(mm.) 

65.00 
289.00 

(kips) 
(kN) 

2.75 x 
Sylmar 

81.76 
364.00 

(kips) 
(kN) 

1.20 
30.50 

(in.) 
(mm.) 

1.70 
43.20 

(in.) 
(mm.) 

65.00 
289.00 

(kips) 
(kN) 

3.0 x 
Sylmar 

87.73 
390.00 

(kips) 
(kN) 

1.00 
25.40 

(in.) 
(mm.) 

1.94 
49.40 

(in.) 
(mm.) 

62.50 
279.00 

(kips) 
(kN) 

3.25 x 
Sylmar 

92.00 
409.00 

(kips) 
(kN) 

1.13 
28.60 

(in.) 
(mm.) 

2.27 
57.70 

(in.) 
(mm.) 

65.00 
289.00 

(kips) 
(kN) 
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Table 4-26: Average Dynamic Properties from Measured Data of Specimen B2CS 

Loading Stiffness 

Fundamental Modal Characteristics 
Circular 

Frequency, 
ω (rad/sec) 

Cyclic 
Frequency, 

f (Hz) 

Natural 
Period, 
T (sec.) 

0.2 x 
Sylmar 

17.00 (K/in) 
2.98 (KN/mm) 9.39 1.50 0.67 

0.25 x 
Sylmar 

24.00 (K/in) 
4.20 (KN/mm) 11.15 1.77 0.56 

0.50x 
Sylmar 

63.00 (K/in) 
11.00 (KN/mm) 18.07 2.87 0.35 

0.75 x 
Sylmar 

100.00 (K/in) 
17.51 (KN/mm) 22.80 3.62 0.28 

1.0 x 
Sylmar 

120.00 (K/in) 
21.00 (KN/mm) 24.93 3.97 0.25 

1.25 x 
Sylmar 

140.00 (K/in) 
24.52 (KN/mm) 26.93 4.29 0.23 

1.4x 
Sylmar 

120.00 (K/in) 
24.52 (KN/mm) 24.93 3.97 0.25 

1.75 x 
Sylmar 

140.00 (K/in) 
24.52 (KN/mm) 26.93 4.29 0.23 

2.00 x 
Sylmar 

110.00 (K/in) 
19.26 (KN/mm) 23.87 3.80 0.26 

2.125 x 
Sylmar 

100.00 (K/in) 
17.51 (KN/mm) 22.80 3.62 0.28 

2.25 x 
Sylmar 

92.00 (K/in) 
16.11 (KN/mm) 21.83 3.47 0.29 

2.375 x 
Sylmar 

83.00 (K/in) 
14.53 (KN/mm) 20.74 3.30 0.30 

2.50 x 
Sylmar 

71.00 (K/in) 
12.43 (KN/mm) 19.18 3.05 0.33 

2.625 x 
Sylmar 

63.00 (K/in) 
11.00 (KN/mm) 

18.07 2.87 0.35 

2.75 x 
Sylmar 

58.00 (K/in) 17.34 2.76 0.3610.16 (KN/mm) 
3.0 x 

Sylmar 
52.00 (K/in) 
9.11 (KN/mm) 16.14 2.61 0.38 

3.25 x 
Sylmar 

44.00 (K/in) 
7.71 (KN/mm) 15.10 2.41 0.42 
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Table 4-27: Measured Peak Forces and Peak Displacements for Specimen B2CM 

Loading 
Point of Peak Force Point of Peak Displacement 

Max. Force Corresponding 
Displacement 

Max. 
Displacement 

Corresponding 
Force 

0.1 x 
Sylmar 

9.87 (kips) 
43.90 (kN) 

0.05 (in.) 
1.14 (mm.) 

0.13 (in.) 
3.30 (mm.) 

8.25 (kips) 
36.70 (kN) 

0.2 x 
Sylmar 

14.45 (kips) 
64.00 (kN) 

0.15 (in.) 
3.08 (mm.) 

0.17 (in.) 
4.30 (mm.) 

12.50 (kips) 
55.60 (kN) 

0.25 x 
Sylmar 

17.70 (kips) 
79.00 (kN) 

0.20 (in.) 
5.10 (mm.) 

0.23 (in.) 
5.80 (mm.) 

16.00 (kips) 
71.20 (kN) 

0.50x 
Sylmar 

28.60 (kips) 
127.00 (kN) 

0.46 (in.) 
11.70 (mm.) 

0.46 (in.) 
11.70 (mm.) 

28.60 (kips) 
127.00 (kN) 

0.75 x 
Sylmar 

36.20 (kips) 
161.00 (kN) 

0.65 (in.) 
16.50 (mm.) 

0.72 (in.) 
18.30 (mm.) 

35.00 (kips) 
156.00 (kN) 

1.0 x 
Sylmar 

43.70 (kips) 
194.00 (kN) 

1.05 (in.) 
26.70 (mm.) 

1.12 (in.) 
28.40 (mm.) 

41.50 (kips) 
185.00 (kN) 

1.25 x 
Sylmar 

49.50 (kips) 
220.00 (kN) 

2.00 (in.) 
50.80 (mm.) 

2.15 (in.) 
54.60 (mm.) 

46.00 (kips) 
205.00 (kN) 

1.4x 
Sylmar 

49.25 (kips) 
219.00 (kN) 

1.60 (in.) 
40.60 (mm.) 

1.83 (in.) 
46.50 (mm.) 

45.00 (kips) 
200.00 (kN) 

1.50 x 
Sylmar 

49.72 (kips) 
221.00 (kN) 

2.15 (in.) 
54.60 (mm.) 

2.40 (in.) 
61.00 (mm.) 

45.00 (kips) 
200.00 (kN) 

1.75 x 
Sylmar 

48.40 (kips) 
215.00 (kN) 

2.40 (in.) 
61.00 (mm.) 

2.65 (in.) 
67.00 (mm.) 

45.00 (kips) 
200.00 (kN) 

2.00 x 
Sylmar 

47.70 (kips) 
212.00 (kN) 

3.00 (in.) 
76.00 (mm.) 

3.00 (in.) 
76.00 (mm.) 

46.25 (kips) 
206.00 (kN) 

2.25 x 
Sylmar 

48.62 (kips) 
216.00 (kN) 

2.88 (in.) 
73.00 (mm.) 

3.50 (in.) 
89.00 (mm.) 

47.50 (kips) 
211.00 (kN) 

2.50 x 
Sylmar 

49.70 (kips) 
221.00 (kN) 

4.00 (in.) 
102.00 (mm.) 

4.10 (in.) 
104.00 (mm.) 

47.50 (kips) 
211.00 (kN) 

2.75 x 
Sylmar 

50.20 (kips) 
223.00 (kN) 

4.50 (in.) 
114.00 (mm.) 

5.00 (in.) 
127.00 (mm.) 

47.50 (kips) 
211.00 (kN) 

3.0 x 
Sylmar 

49.00 (kips) 
218.00 (kN) 

5.50 (in.) 
140.00 (mm.) 

6.34 (in.) 
161.00 (mm.) 

45.00 (kips) 
200.00 (kN) 
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Table 4-28: Average Dynamic Properties from Measured Data of Specimen B2CM 

Loading Stiffness 

Fundamental Modal Characteristics 
Circular 

Frequency, 
ω (rad/sec) 

Cyclic 
Frequency, 

f (Hz) 

Natural 
Period, 
T (sec.) 

0.1 x 
Sylmar 

54.00 (K/in) 
9.46 (KN/mm) 

16.73 2.66 0.38 

0.2 x 
Sylmar 

58.00 (K/in) 
10.16 (KN/mm) 

17.34 2.76 0.36 

0.25 x 
Sylmar 

62.00 (K/in) 
10.86 (KN/mm) 

17.90 2.85 0.35 

0.50x 
Sylmar 

66.00 (K/in) 
11.56 (KN/mm) 

18.49 2.94 0.34 

0.75 x 
Sylmar 

54.00 (K/in) 
9.46 (KN/mm) 

16.73 2.66 0.38 

1.0 x 
Sylmar 

44.00 (K/in) 
7.70 (KN/mm) 

15.10 2.40 0.42 

1.25 x 
Sylmar 

32.00 (K/in) 
5.60 (KN/mm) 

12.88 2.05 0.49 

1.4x 
Sylmar 

27.00 (K/in) 
4.73 (KN/mm) 

11.83 1.88 0.53 

1.50 x 
Sylmar 

24.00 (K/in) 
4.20 (KN/mm) 

11.15 1.77 0.56 

1.75 x 
Sylmar 

22.00 (K/in) 
3.85 (KN/mm) 

10.68 1.04 0.59 

2.00 x 
Sylmar 

19.00 (K/in) 
3.33 (KN/mm) 

9.92 1.58 0.63 

2.25 x 
Sylmar 

16.00 (K/in) 
2.80 (KN/mm) 

9.10 1.45 0.69 

2.50 x 
Sylmar 

14.00 (K/in) 
2.45 (KN/mm) 

8.52 1.36 0.74 

2.75 x 
Sylmar 

11.00 (K/in) 
1.93 (KN/mm) 

7.55 1.20 0.83 

3.0 x 
Sylmar 

8.30 (K/in) 
1.45 (KN/mm) 

6.56 1.04 0.96 
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Table 4-29: Measured Peak Forces and Peak Displacements for Specimen B2CT 

Loading 
Point of Peak Force Point of Peak Displacement 

Max. Force Corresponding 
Displacement 

Max. 
Displacement 

Corresponding 
Force 

0.1 x 
Sylmar 

5.80 (kips) 
25.80 (kN) 

0.12 (in.) 
2.90 (mm.) 

0.13 (in.) 
3.28 (mm.) 

4.50 (kips) 
20.00 (kN) 

0.2 x 
Sylmar 

10.83 (kips) 
48.20 (kN) 

0.15 (in.) 
3.80 (mm.) 

0.30 (in.) 
7.60 (mm.) 

9.00 (kips) 
40.00 (kN) 

0.25 x 
Sylmar 

16.00 (kips) 
71.20 (kN) 

0.50 (in.) 
12.70 (mm.) 

0.52 (in.) 
13.20 (mm.) 

15.00 (kips) 
67.00 (kN) 

0.50x 
Sylmar 

22.80 (kips) 
101.40 (kN) 

1.00 (in.) 
25.40 (mm.) 

1.09 (in.) 
27.50 (mm.) 

22.50 (kips) 
100.00 (kN) 

0.75 x 
Sylmar 

20.92 (kips) 
93.00 (kN) 

0.75 (in.) 
19.10 (mm.) 

0.90 (in.) 
22.90 (mm.) 

17.50 (kips) 
78.00 (kN) 

0.85 x 
Sylmar 

24.60 (kips) 
109.40 (kN) 

1.00 (in.) 
25.40 (mm.) 

1.20 (in.) 
30.50 (mm.) 

21.25 (kips) 
95.00 (kN) 

1.0 x 
Sylmar 

27.80 (kips) 
124.00 (kN) 

1.25 (in.) 
32.00 (mm.) 

1.60 (in.) 
40.60 (mm.) 

25.00 (kips) 
111.00 (kN) 

1.25 x 
Sylmar 

30.70 (kips) 
136.50 (kN) 

1.88 (in.) 
48.00 (mm.) 

2.50 (in.) 
63.50 (mm.) 

30.00 (kips) 
133.00 (kN) 

1.50 x 
Sylmar 

32.60 (kips) 
145.00 (kN) 

2.75 (in.) 
70.00 (mm.) 

3.51 (in.) 
89.00 (mm.) 

30.00 (kips) 
133.00 (kN) 

1.75 x 
Sylmar 

31.10 (kips) 
138.00 (kN) 

3.00 (in.) 
76.00 (mm.) 

3.60 (in.) 
91.00 (mm.) 

28.00 (kips) 
125.00 (kN) 

2.00 x 
Sylmar 

31.00 (kips) 
138.00 (kN) 

3.50 (in.) 
89.00 (mm.) 

4.20 (in.) 
107.00 (mm.) 

30.00 (kips) 
133.00 (kN) 

2.25 x 
Sylmar 

32.10 (kips) 
143.00 (kN) 

5.25 (in.) 
133.00 (mm.) 

5.50 (in.) 
140.00 (mm.) 

30.00 (kips) 
133.00 (kN) 

2.50 x 
Sylmar 

33.00 (kips) 
147.00 (kN) 

5.50 (in.) 
140.00 (mm.) 

7.50 (in.) 
190.50 (mm.) 

30.00 (kips) 
133.00 (kN) 

2.75 x 
Sylmar 

33.23 (kips) 
148.00 (kN) 

7.50 (in.) 
190.00 (mm.) 

10.00 (in.) 
254.00 (mm.) 

27.50 (kips) 
122.00 (kN) 
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Table 4-30: Average Dynamic Properties from Measured Data of Specimen B2CT 

Loading Stiffness 

Fundamental Modal Characteristics 
Circular 

Frequency, 
ω (rad/sec) 

Cyclic 
Frequency, 

f (Hz) 

Natural 
Period, 
T (sec.) 

0.1 x 
Sylmar 

41.00 (K/in) 
7.18 (KN/mm) 

14.60 2.32 0.43 

0.2 x 
Sylmar 

44.00 (K/in) 
7.71 (KN/mm) 

15.10 2.40 0.42 

0.25 x 
Sylmar 

38.00 (K/in) 
6.65 (KN/mm) 

14.00 2.23 0.45 

0.50x 
Sylmar 

25.00 (K/in) 
4.38 (KN/mm) 

11.40 1.82 0.55 

0.75 x 
Sylmar 

22.00 (K/in) 
3.85 (KN/mm) 

10.70 1.70 0.59 

0.85 x 
Sylmar 

21.00 (K/in) 
3.68 (KN/mm) 

10.40 1.66 0.60 

1.0 x 
Sylmar 

18.00 (K/in) 
3.15 (KN/mm) 

9.66 1.54 0.65 

1.25 x 
Sylmar 

14.00 (K/in) 
2.45 (KN/mm) 

8.52 1.36 0.74 

1.50 x 
Sylmar 

9.40 (K/in) 
1.65 (KN/mm) 

7.00 1.11 0.90 

1.75 x 
Sylmar 

8.30 (K/in) 
1.45 (KN/mm) 

6.56 1.04 0.96 

2.00 x 
Sylmar 

7.20 (K/in) 
1.26 (KN/mm) 

6.11 0.97 1.03 

2.25 x 
Sylmar 

6.20 (K/in) 
1.09 (KN/mm) 

5.67 0.90 1.11 

2.50 x 
Sylmar 

4.80 (K/in) 
0.84 (KN/mm) 

5.00 0.79 1.26 

2.750 x 
Sylmar 

3.30 (K/in) 
0.58 (KN/mm) 

4.13 0.66 1.52 
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Fig. 2-34: Strain Gage Numbering of Longitudinal Reinf. in Both 
Specimens B2CM and B2CT 
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Fig.2-35: Straing Gage Numbering of Transverse Reinf. in both 
Specimens B2CM and B2CT 
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Fig. 3-1: Footing Formwork 


Fig. 3-2: Footing Bottom Reinforcement 
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Fig. 3-3: Footing Bottom and Top Reinforcement 


Fig. 3-4: Footing Hooks and Dowels 
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Fig. 3-5: Concrete casting of all Footings 


Fig. 3-6: Roughing the Column-Footing Interface Surface 
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Fig. 3-7: Rebar Surface Preparation 


Fig. 3-8: Strain Gage Placement to Column Rebar 
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Fig. 3-9: Gaging Process of Short Specimen Columns 


Fig. 3-10: Gaging Process of Medium Specimen Columns 
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Fig. 3-11: Gaging Process of Tall Specimen Columns 


Fig. 3-12: Formwork of Short Specimen Columns 
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Fig. 3-13: Formwork of Medium Specimen Columns 


Fig. 3-14: Formwork of Tall Specimen Columns 
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Fig. 3-15: Concrete Casting of Tall-Specimen Columns 


Fig. 3-16: Concrete Casting of Medium-Specimen Columns 
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Fig. 3-17a: Casting Errors at Column Top in East-West Direction 


Fig. 3-17b:  Casting Errors at Column Top in North-South Direction 
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Fig. 3-17c: Casting Errors at Column Bottom in North-South Direction 


Fig. 3-17d: Casting Errors at Column Middle in East-West Direction 
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Fig. 3-18a:Removing of both Tall and Medium Columns 


Fig. 3-18b: Removing Damaged Parts
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Fig. 3-19: Formwork of Bent Cap Beam
 

Fig. 3-20: Bent Cap Reinforcement 


272
 



 

 

 
 
 
 

Fig. 3-21: Bent-Cap Reinforcement Details 
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Fig. 3-22.a: Concrete Casting for Short Specimen Beam
 

Fig. 3-22.b: Concrete Casting for Short Specimen Beam
 

274
 



 

 
 

 
 

 
 

Fig. 3-23: Concrete Casting for Middle Specimen Beam
 

Fig. 3-24: Concrete Casting for Tall Specimen Beam
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Fig. 3-27: Stress-Strain Profile of Gage 2 after 850O C Heat Treatment 
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Fig. 3-28: Stress-Strain Profile of Gage 2 after 675O C Heat Treatment 
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Fig. 3-29: Stress-Strain Profile of Gage 2 after 625O C Heat Treatment 
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Fig. 3-30: Stress-Strain Profile of Gage 2 after 600O C Heat Treatment 
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Fig. 3-31: Stress-Strain Profile of Gage 2 after 614O C Heat Treatment 
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Fig. 3-32: Stress-Strain Profile of Gage 2 after 615O C Heat Treatment 
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Fig. 4-4: Flexural Cracks in East Column
 

Fig. 4-5: Flexural Cracks in West Column
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Fig. 4-6: Shear Cracks in West Column
 

Fig. 4-7: Shear Cracks in East Beam-Column Joint 
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Fig. 4-8: Shear Cracks in West Beam-Column-Joint 


Fig. 4-9: Shear Cracks in East Column
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Fig. 4-10: Concrete Spalling in East Column at 2.5x Sylmar 


Fig. 4-11: Lateral Reinf. Exposure in West Column
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Fig. 4-12:  Base Damage in West Column
 

Fig. 4-13:  Base Slippage in East Column
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Fig. 4-14:  Condition of East Column after Max. Loading 


Fig. 4-15:  Condition of West Column after Max. Loading 
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Fig. 4-16:  Lateral Reinf. Exposure in East Column
 

Fig. 4-17:  Level of Spalling in West Column
 

289
 



 

 
 

 
 

 
 

Fig. 4-18: Flexural Cracks in East Column
 

Fig. 4-18: Flexural Cracks in West Column
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Fig. 4-20: Shear Cracks on South Side of East Column
 

Fig. 4-21: Shear cracks on South Side of West Column
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Fig. 4-22: Shear Cracks in West Beam-Column Joint 


Fig. 4-23: Shear Cracks in East Beam-Column Joint 
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Fig. 4-24: Spalling on East Side of East Column
 

Fig. 4-25: Spalling on East Side of West Column
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Fig. 4-26: Spalling on West Side of East Column Base 


Fig. 4-27: Spalling on West Side of West Column Base 
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Fig. 4-28: Transverse and Longitudinal Reinf. Exposure in West Column
 

Fig. 4-29: Transverse Reinf. Exposure in East Column
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Fig. 4-30: Transverse and Long. Reinf. Exposure in West Column
 

Fig. 4-31: Vertical Cracking in West Column Base 
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Fig. 4-32: Transverse and Longitudinal Reinf. Exposure in East Column
 

Fig. 4-33: Minor Cracking in the Cap-Beam
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Fig. 4-34: Minor Spalling in the Cap-Beam
 

Fig. 4-35: Middle Specimen Leaning after 2.75 x Sylmar 
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Fig. 4-36: Concrete Spalling on East Side of West Column
 

Fig. 4-37: Concrete Spalling on East Side of East Column
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Fig. 4-38: Concrete Spalling on East Side of West Column
 

Fig. 4-39: Base Damage in West Column
 

300
 



 

 
 

 
 

 
 

Fig. 4-40: Flexural Cracks in East Column
 

Fig. 4-41: Flexural Cracks in West Column
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Fig. 4-42: Shear Cracks in East column
 

Fig. 4-43: Shear Cracks in West Column
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Fig. 4-44: Shear Cracks in West Beam-Column-Joint 


Fig. 4-45: Shear Cracks in East Beam-Column-Joint 
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Fig. 4-46: Concrete Spalling on West Side of East Column
 

Fig. 4-47: Concrete Spalling on East Side of West Column
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Fig. 4-48: Concrete Spalling on West Side of West Column
 

Fig. 4-49: West Side of East Column Base after 2.0 x Sylmar 
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Fig. 4-50: Concrete Spalling on West Side of East Column
 

Fig. 4-51: Concrete Spalling on East Side of West Column
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Fig. 4-52: Concrete Cracking on West Side of West Column Base 


Fig. 4-53: Tall Specimen Leaning after 2.5 X Sylmar 
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Fig. 4-54: Concrete Spalling on West Side of East Column
 

Fig. 4-55: Concrete Spalling on East Side of West Column
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Fig. 4-56: Base Damage in West Column
 

Fig. 4-57: Minor Spalling in Cap-Beam
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Fig. 4-58: Deep Concrete Spalling on West Side of East Column
 

Fig. 4-59: Spalling on West Side of West Column
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Fig. 4-60: Concrete Spalling on West side of West Column Base 


Fig. 4-61: West Side of East Column Base 
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Fig. 4-64: Strain Profile Along the Hinge Dowels on West Side 
          of Each Column Base in Short Specimen B2CS 
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Fig. 4-71: Strain Profile Along the Hinge Dowel on East Side 
of West Column Base in Middle Specimen B2CM 
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Fig. 4-72: Strain Profile of Column Transverse Reinforcement 
at Beam-Column Joints in Middle Specimen B2CM 
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Fig 4-81: Envelope of Strain-Displacement Hysteresis of Gages 38 and 39 in 
Short Specimen B2CS. 

331
 

2 



 

 

 

 

 

 
 

2 
Drift Ratio (%)

-8 -7 -6 -5 -4 -3 -2 -1 0 1 

-15000 

-7500 

0 

7500 

15000 

22500 

30000 

  Strain Gage # 5 

Yield Strain 

Yield Strain 

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 
Drift Ratio (%) 

-15000 

-7500 

0 

7500 

15000 

St
ra

in
 ( 

M
ic

ro
 st

ra
in

) 

Yield Strain 

Strain Gage # 6 

Yield Strain 

Fig. 4-82: Envelope of Strain-Displacement Hysteresis of Gages 5 and 6 in 
Short Specimen B2CS. 

332
 



 

 

   

 

 

 
 

2 
Drift Ratio (%) 

-8 -7 -6 -5 -4 -3 -2 -1 0 1 

-15000 

0 

15000 

30000 

45000 

Strain Gage # 7 

Yield Strain 

Yield Strain 

-8 -7 -6 -5 -4 -3 -2 -1 0 1 2 
Drift Ratio (%) 

-15000 

0 

15000 

30000 

45000 

St
ra

in
 ( 

M
ic

ro
 st

ra
in

) 

Yield Strain 

Strain Gage # 8 

Yield Strain 

Fig. 4-83: Envelope of Strain-Displacement Hysteresis of Gages 7 and 8 in 
Short Specimen B2CS. 

333
 



 

 

 

 

 

 

 

 
 

 

Drift Ratio ( % )

-12 -10 -8 -6 -4 -2 0 2 4
 

-15000 

0 

15000 

30000 

45000 

 Strain Gage # 45 

Yield Strain 

Yield Strain 

-12 -10 -8 -6 -4 -2 0 2 4 
Drift Ratio (% ) 

-15000 

0 

15000 

30000 

45000 

St
ra

in
 ( 

M
ic

ro
 s

tra
in

) 

Yield Strain 

Strain Gage # 46 

Yield Strain 

Fig 4-84: Envelope of Strain-Displacement Hysteresis of Gages 45 and 46 in 
Middle Specimen B2CM  

334
 



 

 

 

 

 

 
 

 

Drift Ratio (%)
-12 -10 -8 -6 -4 -2 0 2 4
 

-15000 

0 

15000 

30000 
 Strain Gage # 47 

Yield Strain 

Yield Strain 

-12 -10 -8 -6 -4 -2 0 2 4 
Drift Ratio (%) 

-30000 

-15000 

0 

15000 

30000 

St
ra

in
 ( 

M
ic

ro
 st

ra
in

) 

Yield Strain 

Strain Gage # 49 

Yield Strain 

Fig 4-85: Envelope of Strain-Displacement Hysteresis of Gages 47 and 49 in 
Middle Specimen B2CM 

335
 



 

 

 

 

 

 

 

 
 

   

Drift Ratio (%)

-12 -10 -8 -6 -4 -2 0 2 4
 

-15000 

0 

15000 

30000 

45000 

 Strain Gage # 50 

Yield Strain 

Yield Strain 

-12 -10 -8 -6 -4 -2 0 2 4 
Drift Ratio (%) 

-15000 

0 

15000 

30000 

45000 

St
ra

in
 ( 

M
ic

ro
 s

tra
in

) 

Yield Strain 

Strain Gage # 52 

Yield Strain 

Fig. 4-86: Envelope of Strain-Displacement Hysteresis of gages 50 and 52 

in Middle Specimen B2CM 


336
 



 

 

 

  

 

 

 
 
 

   

Drift Ratio (%)

-12 -10 -8 -6 -4 -2 0 2 4
 

-15000 

0 

15000 

30000 

45000 
  Strain Gage # 7 
Up to the Loading 
of  2.5 * Sylmar 

Yield Strain 

Yield Strain 

-12 -10 -8 -6 -4 -2 0 2 4 
Drift Ratio (%) 

-15000 

0 

15000 

30000 

45000 

St
ra

in
 ( 

M
ic

ro
 st

ra
in

) 

Yield Strain 

Strain Gage # 8 

Yield Strain 

Fig.4-87: Envelope of Strain-Displacement Hysteresis of Gages 7 and 8 in 
Middle Specimen B2CM 

337
 



 

 

 

 

 

 

 

 
 
 

 

Maximum Drift Ratio ( % )

-12 -10 -8 -6 -4 -2 0 2 4
 

-10000 

0 

10000 

20000 

30000 

40000 

 Strain Gage # 45 

Yield Strain 

-10000 

0 

10000 

20000 

30000 

40000 

St
ra

in
 ( 

M
ic

ro
 s

tra
in

) 

Yield Strain 

Strain Gage # 46 

-12 -10 -8 -6 -4 -2 0 2 4
 
Maximum Drift Ratio ( % )
 

Fig. 4-88:Envelope of Strain-Displacement Hysteresis for Gages 45 and 46 

in Tall Specimen B2CT
 

338
 



 

 

  

 

  

 
 
 

 

Maximum Drift Ratio (% ) 
-12 -10.5 -9 -7.5 -6 -4.5 -3 -1.5 0 1.5 3 4.5
 

-10000 

0 

10000 

20000 

30000 

40000 
Strain Gage # 47 

Yield Strain 

Yield Strain 

-12 -10.5 -9 -7.5 -6 -4.5 -3 -1.5 0 1.5 3 4.5 
Maximum Drift Ratio ( % ) 

-10000 

0 

10000 

20000 

30000 

40000 

St
ra

in
 ( 

M
ic

ro
 s

tra
in

) 

Yield Strain 

Strain Gage # 48 

Yield Strain 

Fig. 4-89: Envelope of Strain-Displacement Hysteresis for Gages 47 and 48 

in Tall Specimen B2CT
 

339
 



 

 

 

 

  

 

 
 

 

Maximum Drift (% )

-12 -10 -8 -6 -4 -2 0 2 4 6
 

-10000 

0 

10000 

20000 

30000 

40000 

 Strain Gage # 51 
Up to the Loading 
of  2.25 * Sylmar 

Yield Strain 

Yield Strain 

St
ra

in
 ( 

M
ic

ro
 st

ra
in

) 

40000
 

30000
 

20000
 

10000
 

0 

-10000 

Yield Strain 

Strain Gage # 52 

Yield Strain 

-12 -10 -8 -6 -4 -2 0 2 4 6
 
Maximum Drift (% )
 

Fig. 4-90: Envelope of Strain-Displacement Hysteresis for Gages 51 and 52 

in Tall Specimen B2CT
 

340
 



 

 

 

 

 
 

Maximum Drift Ratio ( % )

-12 -10 -8 -6 -4 -2 0 2 4
 

-10000 

0 

10000 

20000 

30000 

40000 

50000 
 Strain Gage # 5 
Up to the Loading 
of   2.25 * Sylmar 

Yield Strain 

-10000 

0 

10000 

20000 

30000 

40000 

50000 

St
ra

in
 ( 

M
ic

ro
 st

ra
in

) 

Yield Strain 

Strain Gage # 6 

-12 -10 -8 -6 -4 -2 0 2 4
 
Maximum Drift Ratio ( % )
 

Fig. 4-91: Envelope of Strain-Displacement Hysteresis for Gages 5 and 6 in 
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Fig. 4-96: Hysteresis Curve for B2CS at 0.75 x Sylmar 
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Fig. 4-97:  Hysteresis Curve for B2CS at 1.00 x Sylmar 
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Fig. 4-98: Hysteresis Curve for B2CS at 1.25 x Sylmar 
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Fig. 4-99: Hysteresis Curve for B2CS at 1.40 x Sylmar 

Lateral Displacement ( mm.)
 
-25 -18.75 -12.5 -6.25 0 6.25 12.5 18.75 25
 

100
 

80
 

60
 

40
 

20
 

0 
-20 
-40 
-60 
-80 

-100 

445
 

356
 

267
 

178
 

89
 

0
 

-89
 

-178
 

-267
 

-356
 

-445
 

-1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1
 
Lateral Displacement ( in. ) 

Fig. 4-100: Hysteresis Curve for B2CS at 1.75 x Sylmar 
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Fig. 4-101:  Hysteresis Curve for B2CS at 2.0 x Sylmar 
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Fig. 4-102: Hysteresis Curve for B2CS at 2.125 x Sylmar 
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Fig. 4-103:  Hysteresis Curve for B2CS at 2.25 x Sylmar 
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Fig. 4-104: Hysteresis Curve for B2CS at 2.375 x Sylmar 
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Fig. 4-105:  Hysteresis Curve for B2CS at 2.5 x Sylmar 
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Fig. 4-106: Hysteresis Curve for B2CS at 2.625 x Sylmar 
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Fig. 4-107:  Hysteresis Curve for B2CS at 2.75 x Sylmar 
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Fig. 4-108: Hysteresis Curve for B2CS at 3.0 x Sylmar 
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Fig. 4-109:  Hysteresis Curve for B2CS at 3.25 x Sylmar 
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Fig. 4-110:  Envelope of Load-Displacement Hystereses for B2CS 
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Fig. 4-111: Bilinear Representation of Previous Envelope for B2CS 
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Fig. 4-114:  Hysteresis Curve for B2CM at 0.1 x Sylmar 
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Fig. 4-115: Hysteresis Curve for B2CM at 0.20 x Sylmar 

354
 



 

 

  

 

Lateral Displacement ( mm. )
 
-100 -75 -50 -25 0 25 50 75 100
 

-30 -133.5 
-40 -178 
-50 -222.5 

50
 

40
 

30
 

20
 

10
 

0 
-10 
-20 

222.5
 

178
 

133.5
 

89
 

44.5 
0 
-44.5 
-89

La
te

ra
l F

or
ce

 ( 
K

ip
s)

 

La
te

ra
l F

or
ce

 ( 
K

N
) 

-4  -3  -2  -1  0  1  2  3  4 
  
Lateral Displacement ( in.) 

Fig. 4-116:  Hysteresis Curve for B2CM at 0.25 x Sylmar 
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Fig. 4-117: Hysteresis Curve for B2CM at 0.50 x Sylmar 
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Fig. 4-118:  Hysteresis Curve for B2CM at 0.75 x Sylmar 
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Fig. 4-119: Hysteresis Curve for B2CM at 1.00 x Sylmar 
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Fig. 4-120:  Hysteresis Curve for B2CM at 1.25 x Sylmar 
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Fig. 4-121: Hysteresis Curve for B2CM at 1.40 x Sylmar 

357
 



 

  

 

Lateral Displacement ( mm. )
 
-100 -75 -50 -25 0 25 50 75 100
 

-30 -133.5 
-40 -178 
-50 -222.5 

50
 

40
 

30
 

20
 

10
 

0 
-10 
-20 

222.5
 

178
 

133.5
 

89
 

44.5 
0 
-44.5 
-89

La
te

ra
l F

or
ce

 ( 
K

ip
s)

 

La
te

ra
l F

or
ce

 ( 
K

N
) 

-4  -3  -2  -1  0  1  2  3  4 
  
Lateral Displacement ( in.)
 

Fig. 4-122:  Hysteresis Curve for B2CM at 1.50 x Sylmar 

Lateral Displacement ( mm.)
 
-100 -75 -50 -25 0 25 50 75 100
 

-50 
-40 
-30 
-20 
-10 

0 
10 
20 
30 
40 
50 

Lo
ad

 F
or

ce
 ( 

ki
ps

) 

-222.5 
-178 
-133.5 
-89 
-44.5 
0 
44.5 
89 
133.5 
178 
222.5 

La
te

ra
l F

or
ce

 ( 
K

N
) 

-4  -3  -2  -1  0  1  2  3  4 
  
Lateral Displacement ( in. )
 

Fig. 4-123: Hysteresis Curve for B2CM at 1.75 x Sylmar 
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Fig. 4-124:  Hysteresis Curve for B2CM at 2.00 x Sylmar 
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Fig. 4-125: Hysteresis Curve for B2CM at 2.25 x Sylmar 
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Fig. 4-126:  Hysteresis Curve for B2CM at 2.50 x Sylmar 
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Fig. 4-127: Hysteresis Curve for B2CM at 2.75 x Sylmar 
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Fig. 4-128: Hysteresis Curve for B2CM at 3.00 x Sylmar 
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Fig. 4-129:  Envelope of Load-Displacement Hystereses for B2CM 

Lateral Displacement ( mm.) 
0 25 50 75 100 125 150 175 

60 

50 

40 

30 

20 

10 

0 

267 

222.5 

178 

133.5 

89 

44.5 

0 

0 1 2 3 4 5 6 7 
Lateral Displacement ( in. ) 

Fig. 4-130:  Bilinear Representation of Previous Envelope for B2CM 
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Fig. 4-133:  Hysteresis Curve for B2CT at 0.1 x Sylmar 
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Fig. 4-134: Hysteresis Curve for B2CT at 0.20 x Sylmar 
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Fig. 4-135:  Hysteresis Curve for B2CT at 0.25 x Sylmar 
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Fig. 4-136: Hysteresis Curve for B2CT at 0.50 x Sylmar 
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Fig. 4-137:  Hysteresis Curve for B2CT at 0.75 x Sylmar 
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Fig. 4-138: Hysteresis Curve for B2CT at 0.85 x Sylmar 
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Fig. 4-139:  Hysteresis Curve for B2CT at 1.00 x Sylmar 
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Fig. 4-140: Hysteresis Curve for B2CT at 1.25 x Sylmar 
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Fig. 4-141:  Hysteresis Curve for B2CT at 1.50 x Sylmar 
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Fig. 4-142: Hysteresis Curve for B2CT at 1.75 x Sylmar 
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Fig. 4-143:  Hysteresis Curve for B2CT at 2.00 x Sylmar 
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Fig. 4-144: Hysteresis Curve for B2CT at 2.25 x Sylmar 

369
 



 

 

  

 

Lateral Displacement ( mm. )
 
-250 -200 -150 -100 -50 0 50 100 150 200 250
 

40
 

30
 

20
 

10
 

0 

-10 

-20 

-10  -8  -6  -4  -2  0  2  4  6  8 10 
  
Lateral Displacement ( in.)
 

178
 

133.5
 

89
 

44.5 

0 

-44.5 

-89 

Lo
ad

 F
or

ce
 ( 

ki
ps

) 
La

te
ra

l F
or

ce
 ( 

K
ip

s)
 

La
te

ra
l F

or
ce

 ( 
K

N
) 

La
te

ra
l F

or
ce

 ( 
K

N
) 

-30 -133.5 

-40 -178 

Fig. 4-145:  Hysteresis Curve for B2CT at 2.50 x Sylmar 
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Fig. 4-146: Hysteresis Curve for B2CT at 2.75 x Sylmar 
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Fig. 4-147:  Envelope of Load-Displacement Hystereses for B2CT 
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Fig. 4-148:  Envelope of Load-Displacement Hystereses for B2CT 
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Fig. 4-151: Maximum Curvatures after each Loading at Plastic Hinge Zone 
of East Column in Specimen B2CS  
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Fig. 4-152: Maximum Curvatures after each Loading at Plastic Hinge Zone 
of West Column in Specimen B2CS  
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Fig. 4-153: Curvature Envelope at East Column Base in Specimen B2CS 
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Fig. 4-154: Curvature Envelope at West Column Base  in Specimen B2CS 
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Fig. 4-155: Max. Curvature of Beam Critical Section on East Side in B2CS 
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Fig. 4-156: Max. Curvature of Beam Critical Section on West Side in B2CS 
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Fig. 4-157: Maximum Curvature after each Loading at Plastic Hinge Zone of 
East Column in Specimen B2CM 
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Fig. 4-158: Maximum Curvature after each Loading at Plastic Hinge Zone of 
West Column in Specimen B2CM  
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Fig. 4-159:Curvature Envelope at East Column Base in B2CM
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Fig. 4-160:Curvature Envelope  at West Column Base in B2CM  
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Fig. 4-161: Max. Curvature of Beam Critical Section on East Side of B2CM 
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Fig. 4-162: Max. Curvature of Beam Critical Section on West Side of B2CM 
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Fig. 4-163: Maximum Curvature after each Loading at Plastic Hinge Zone of 
East Column in Specimen B2CT  
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Fig. 4-164: Maximum Curvature after each Loading at Plastic Hinge Zone of 
West Column in Specimen B2CT  
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Fig. 4-165: Curvature Envelope at East Column Base in B2CT
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Fig. 4-166: Curvature Envelope at West Column Base in B2CT 
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Fig. 4-167: Max. Curvature of Beam Critical Section on East side of B2CT 
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Fig. 4-168: Max. Curvature of Beam Critical Section on West Side of B2CT 
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Fig. 4-175: Gap Compression on West Side of West Column Base 
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Fig. 5-1: Strain Gages used in Strain-Rate Effect Calculations in Short Specimen 



Fig. 5-2: Strain Gages used in Strain-Rate Effect Calculations 
in Middle and Tall Specimens 

393 



 

 

  

 

 
  

 

 

  
 

 

 

     
 

 
 

 

Curvature ( rad / m ) 
0 0.04 0.08 0.12 0.16 0.2 0.24 0.28 0.32
 

8000
 

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 
Curvature (rad / in. ) 

After S. R. E. 
After S. R. E. (Idealized) 
Before S. R. E. 

a 

a 

a 

a Axial Force of 
Sec. a-a = 20k (89 kN)

888
 

7000
 777
 

6000
 666
 

5000
 555
 

4000
 444
 

3000
 333
 

2000
 222
 

1000
 111
 

0 0 

Fig. 5-3a: M-ϕ Diagram for Sec. a-a of Tall-Specimen Beam 
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Fig. 5-3b: M-ϕ Diagram of Sec. a-a of Tall-Specimen Beam 
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Fig. 5-4a: M-ϕ Diagram for Sec. b-b of Tall-Specimen Column 
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Fig. 5-4b: M-ϕ Diagram of Sec. c-c of Tall-Specimen Column 
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Fig. 5-5a: M-ϕ Diagram for Sec. d-d of Tall-column Hinge base 
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Fig. 5-5b: M-ϕ Diagram of Sec. e-e of Tall-Column Hinge Base  
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Fig. 5-6a: M-ϕ Diagram for Sec. b-b and c-c of Tall-Specimen Column 
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Fig. 5-6b: M-ϕ Diagram of Sec. d-d and e-e of Tall-Column Base Hinge 
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Fig. 5-7a: M-ϕ Diagram for Sec. a-a of Middle-Specimen Beam
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Fig. 5-7b: M-ϕ Diagram of Sec. a-a of Middle-Specimen Beam 
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Fig. 5-8a :M-ϕ Diagram for Sec. b-b of Middle-Specimen Column
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Fig. 5-8b :M-ϕ Diagram of Sec. c-c of Middle-Specimen Column 
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Fig. 5-9a: M-ϕ for Sec. d-d of Middle-Column Hinge Base
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Fig. 5-9b: M-ϕ of Sec. e-e of Middle-Column Hinge Base 
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Fig. 5-10a: M-ϕ Diagram for Sec. b-b and c-c of Middle-Specimen Column 
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Fig. 5-10b: M-ϕ Diagram of Sec. d-d and e-e of Middle-Column Base Hinge 
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Fig. 5-11b: M-ϕ Diagram of Sec. a-a of Short-Specimen Beam 
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Fig. 5-12b: M-ϕ Diagram of Sec. c-c of Short-Specimen Column 
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Fig. 5-13a: M-ϕ Diagram for Sec. d-d of Short-Column Base
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Fig. 5-13b: M-ϕ Diagram of Sec. e-e of Short-Column Base 
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Fig. 6-1: Reinforcement Details of the Beam-Column Joint 
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APPENDIX A 


STRAIN-TIME HISTORY FOR GAGES IN SHORT SPECIMEN B2CS 


(See Figs. 2-38 and 2-39 for the locations of each gage) 
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APPENDIX B 


STRAIN-TIME HISTORY FOR GAGES IN MIDDLE SPECIMEN B2CM 


(See Figs. 2-34 and 2-35 for the locations of each gage) 
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APPENDIX C 


STRAIN-TIME HISTORY FOR STRAIN GAGES IN 

TALL SPECIMEN B2CT 


(See Figs. 2-34 and 2-35 for the locations of each gage) 
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