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ABSTRACT OF THE THESIS 

Abstract of the Thesis 

Experimental Study on Lap Splice Nonlinear Fatigue Behavior 

under Wind-Loading Protocol 

 

by 

 

Samuel Dwima Halim 

 

Master of Science in Civil Engineering 

University of California, Los Angeles, 2024 

Professor John Wright Wallace, Chair 

 

Current US building codes require the Lateral-Force Resisting System (LFRS) of 

reinforced concrete structures resisting wind loads to be designed for elastic response. Imposing 

the requirement of elastic behavior may produce an overly conservative design if the lateral system 

has some inherent ductility and may also have unintended adverse effects on structural 

performance under seismic loading. Performance-Based Wind Design (PBWD), which would 

allow limited nonlinear behavior in key components, has been introduced by the American Society 

of Civil Engineers (ASCE) Structural Engineering Institute (SEI) and the American Concrete 

Institute (ACI) to address these issues. A critical aspect of PBWD involves an assessment of the 

strength and detailing requirements needed to allow limited nonlinear demands in critical 

components. Of particular interest is the behavior at critical sections subjected to high-cycle 
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fatigue loading, which is common for wind loading. If detailing commonly used for special seismic 

systems is used, then it is reasonable to assume that behavior under high-cycle fatigue loading will 

be acceptable, although the importance of stiffness degradation under wind loading requires 

investigation. The need for improved detailing for nonlinear responses under wind loading, in 

addition to that required of ordinary or intermediate structural systems, requires additional study. 

This thesis focuses on the behavior of lap splices at critical sections in ordinary structural 

walls under wind loading. A detailed literature review was conducted and it was revealed that the 

existing information in the literature is insufficient to develop recommendations; therefore, an 

experimental program was developed. Lap splice behavior was initially investigated by testing T-

beams subjected to 4-point loading, which are cheaper to construct and easier to test than walls, 

followed by testing of C-shaped walls.  

The T-beam tests were conducted in two phases: Phase I involved three smaller scale beams 

with #4 Grade 80 longitudinal reinforcement to provide the information needed to develop the wall 

test program; Phase II was conducted on two larger T-beams with #8 Grade 80 longitudinal 

reinforcement to address potential issues associated with the use of larger bar sizes. The beams 

were designed to reproduce the strain demands expected in the test wall longitudinal reinforcement 

under a prescribed wind-loading protocol. 

Two main variables were considered to evaluate the lap splice behavior: lap splice length 

and transverse reinforcement spacing in the splice region. The longitudinal bars were spliced 

according to ACI 318-19 provisions. For the initial small beam tests, splice failure was observed 

prior to reaching bar yield. Therefore, in subsequent tests, a multiplier of 1.25 was used to account 

for strain hardening behavior of the longitudinal reinforcement; this approach is consistent with 

provisions for special walls (ACI 318-19 Chapter 18.10.2.3). The small beam tests, with tie 
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spacings of 2, 3, and 6 in., revealed that tight spacing (2 in.) was required to resist the entire wind 

loading protocol without strength loss. To enable comparisons between the small and large beam 

tests, a parameter asp, which is the ratio of the total confining force provided by the transverse 

reinforcements along the splice length to the total yield strength of the spliced bars, was used. The 

performance of the small and large beams with comparable asp factors was similar, indicating no 

bar size effect between #4 and #8 spliced longitudinal reinforcement. For the given loading 

protocol, minimum asp values of 1.25 and 2.0 are recommended for lap splices if strain ductility 

demands are ≤ 6 or ≥ 10, respectively. 
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1. Introduction 

1.1. Background 

Reinforced concrete (RC) structures are commonly used as lateral force-resisting systems 

(LFRS) to resist earthquake and wind loads in the U.S. and around the world. In buildings taller 

than 8 to 10 stories, the use of RC walls is common. Since steel reinforcement is produced in finite 

lengths, lap splices are required to achieve strength continuity, i.e., force transfer from one bar to 

another. Provisions exist in ACI 318 that define required lap splice lengths and detailing 

requirements (transverse reinforcement) to achieve continuity for gravity and wind loads for elastic 

behavior, as well as for seismic loading where yield of spliced reinforcement at critical sections is 

expected. However, similar guidance does not exist for lap splices in walls subjected to minor 

nonlinear demands on wind loading. 

In this thesis, lap splice behavior at critical (yielding) sections of RC walls is studied. For 

seismic design, wall lap splices are designed according to Section 18.10 of ACI 318 for special 

structural walls. Section 18.10.2 includes provisions that require longer lap splice lengths at 

yielding critical sections, closely spaced transverse reinforcement for boundary longitudinal 

reinforcement, and limits on where splices can be located. However, other than the requirements 

for Ordinary Walls in ACI 318-19 Chapter 11, no additional limits on lap splices for walls designed 

to resist wind loads exist. Observed performance of existing buildings, designed to remain elastic 

under the design wind loads, justifies this approach.  

Currently, the approaches used for seismic design and wind design are different; that is, 

seismic design is based on expected nonlinear behavior whereas wind design is based on linear 

behavior. Seismic design is based on using R-factors that reduce design loads from expected mean 

elastic demands; therefore, inelastic behavior is expected, and the design provisions address this 
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expectation. However, wind design still relies on proportioning the structural components such 

that linear responses are expected (American Society of Civil Engineers, 2021). The primary 

reason for this limitation for wind loading is due to the lack of information related to the lateral 

system responses beyond yield. Imposing the requirement of elastic behavior may produce an 

overly conservative design if the lateral system has some inherent ductility and may also have 

unintended adverse effects on structural performance under seismic loading. (Abdullah et al., 

2020; Unal et al., 2024). 

Performance-Based Wind Design (PBWD) has been proposed to address these issues. The 

primary reference documents for PBWD are published by ASCE (American Society of Civil 

Engineers, 2019), NIST (Scott, 2023), and ACI (ACI 318-25, Appendix W). The current approach 

for PBWD is to allow limited nonlinearity at specified critical sections of the LFRS. In the case of 

core walls, limited yielding is expected to occur in coupling beams and in wall piers. Experimental 

studies are needed to assess whether current strength and detailing requirements are adequate to 

achieve the expected nonlinear demands and, if not, what changes are needed. As noted previously, 

this study focuses on addressing this need for ordinary structural wall systems; prior studies have 

addressed these issues for coupling beams. 

1.2. Objectives 

The primary objective of this study is to support the implementation of Performance-Based 

Wind Design by conducting an experimental study to investigate the nonlinear fatigue behavior of 

lap spliced wall longitudinal reinforcement and to develop strength and detailing provisions that 

achieve a prescribed level of ductility without strength loss. The primary variables of the test 

program are the lap splice length, detailing (amount and spacing of transverse reinforcement), and 

lap splice bar diameter. 
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1.3. Thesis Organization 

This thesis is organized into six chapters. The first chapter provides a brief introduction 

and background, as well as the research objectives and the thesis organization. The second chapter 

includes a review of relevant research. The third chapter details the experimental program of the 

small and large beam tests. The fourth chapter includes results of the small and large beam 

experiments. The fifth chapter includes comparisons of the experimental results with predicted 

results and previously conducted tests. Lastly, the sixth chapter summarizes the research and 

provides important conclusions and recommendations. Possible future work is also included.  

In addition to the six chapters, five appendices are also included which contain: (1) 

important strength calculations, (2) concrete material properties, (3) reinforcement properties, (4) 

results from LVDTs and wire potentiometers, and (5) results from Digital Image Correlation (DIC).  
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2. Literature Review 

2.1. Lap Splice Failure and Governing Factors 

Lap splices, as discussed previously, are intended to provide stress transfer from one bar to 

another bar. The load-transfer mechanism over the lap length, for both tension or compression 

stresses, is needed. In reinforced concrete structures, bond between steel reinforcement and 

concrete enables load-transfer. There are three idealized components for bond force transfer 

mechanisms: 1) mechanical adhesion (Va), 2) mechanical anchorage due to rib bearing (Vb), and 

3) frictional resistance (Vc) as visualized in Figure 2-1. Adhesion and friction forces are effective 

at lower load levels; whereas, rib bearing is the dominant load-transfer mechanism at higher load 

levels (ACI 408.2R, 2012). 

  

 

Figure 2-1: Idealized bond load-transfer mechanism (ACI 408.2R, 2012) 

 Lap splices have different failure modes depending on the loading type. Under monotonic 

and low-cycle loading, the typical failure modes are pullout and splitting of the concrete cover. 

The pullout failure, depicted in Figure 2-2, is due to the shearing of the concrete where the concrete 
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cover or transverse reinforcement is sufficient to prevent splitting. On the other hand, splitting 

failure occurs due to radial tensile stresses that create cracks that propagate to the concrete surfaces 

(See Figure 2-3). Under high-cycle loading, these failure modes can still occur; however, fatigue 

failure may also be present. 

 

Figure 2-2: Pullout failure diagram (ACI 408.2R, 2012) 

 

Figure 2-3: Splitting failure diagram (Eligehausen et al., 1983) 

There are several factors that affect the behavior of lap splices, including the amount of 

transverse reinforcements providing confinement to the splice, the type (monotonic, repeated, 

reversed cyclic) and rate of loading, the magnitude and range of the applied strain or stress, 

moment gradient along the splice length, concrete cover over and the distance between spliced 

rebars, and concrete strength. Other factors are correlated to the construction of the component, 

e.g., casting position, concrete vibration, coatings, and corrosion (ACI 408.2R, 2012). 
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2.2. Fatigue Failure 

Fatigue is a mechanism induced by repetitive loadings (tensile and/or compressive 

stresses), either reverse cyclic or unidirectional, that creates an initial crack at the weak area of a 

material due to microscopic imperfections which propagates as additional cycles are applied. The 

increasing crack size of the material reduces the cross-sectional area, which leads to sudden 

fracture; this mechanism triggers a brittle failure even for ductile material (Hibbeler, 2017). 

In terms of the magnitude of loading, most materials will fail under fatigue at load levels 

less than the yield strength of the material. However, some materials have a fatigue or endurance 

limit, defined as the stress level that a material can resist without experiencing fatigue failure. This 

limit is defined using tests with a specified stress and number of cycles where the test results can 

be plotted as a graph with stress (S) as the Y-axis and number of cycles (N) as the X-axis, or S-N 

diagram (See Figure 2-4). 

 

Figure 2-4: S-N diagram example (Hibbeler, 2017 Fig.3-28) 

In Figure 2-4, the endurance limit (Sel) is shown with a horizontal line on the Y-axis, and 

the stresses below this limit are commonly assumed to not induce any fatigue failure. Some 

materials have a distinct endurance limit; however, other materials may not. 
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 Fatigue loading is also classified based on the number of cycles performed. Figure 2-5 

shows the spectra of fatigue loading that is commonly experienced in structures (Khatri, 2016) 

where it is noted that the load intensity decreases as the number of cycles increases. 

 

Figure 2-5: Fatigue loading spectra in structures (Khatri, 2016) 

2.2.1. Fatigue Behavior of Plain Concrete 

Concrete commonly fails in fatigue due to propagation of microcracks at a load level lower 

than the static strength. A plain concrete four-point bending test is commonly performed to develop 

typical S-N curves for plain concrete (Figure 2-6 (ACI 215R, 1974). 

 

Figure 2-6: Fatigue strength of plain concrete (ACI 215R, 1974) 
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In Figure 2-6, Smax is the maximum stress applied, Smin is the minimum stress applied, fr is 

the concrete modulus of rupture, and P is the probability of failure. Curve “a” represents specimens 

with an applied loading ratio of 0.75, and curve “c” is for specimens with a loading ration of 0.15. 

Both curves are for a 50% probability of failure. Curve “b” and “d” were developed for 80% and 

5% probability of failure, respectively, for specimens with Smin/Smax values of 0.15. A general trend, 

observed for all tests, is decreasing maximum stress with increasing number of cycles. However, 

a larger stress range (curve “c”) results in a decrease of the maximum stress for the same number 

of cycles. 

2.2.2. Fatigue Behavior of Steel Reinforcement 

Failure of steel reinforcement in fatigue is depicted in Figure 2-7 where the smooth surface 

is the fatigue crack that propagated until the reduced cross-sectional area of the steel is insufficient 

to resist the applied stress. Subsequently, brittle fracture is observed, producing the rough fracture 

surface. 

 

Figure 2-7: Steel reinforcement fatigue fracture (ACI 215R, 1974) 

 Several types of fatigue experiments have been performed to develop S-N curves of 

reinforcing steel. The tests involved either testing the steel reinforcement in air or embedded in 



9 

concrete. A comparison between the fatigue strength of the reinforcing steel in air and embedded 

in concrete was performed by Moss (1980), which showed slightly higher values for the embedded 

bars (See Figure 2-8). However, this behavior was not observed in previously conducted 

experiments (MacGregor et al., 1971; Wascheidt, 1965). Hence, it was concluded that there are small 

differences in fatigue strength of bars in air or embedded in concrete (ACI 215R, 1974). 

 

Figure 2-8: Sr-N curve of steel reinforcement (Moss, 1980) 

  Several experiments on concrete beams with straight deformed bars performed in North 

America were used to develop Sr-N curves displayed in Figure 2-9. Most of the curves showed 

their fatigue limit value after 1 million cycles. A typical value for the fatigue limit of steel 

reinforcement is a stress of about 0.5 of the ultimate tensile strength. 

 

Figure 2-9: Typical S-N curve for steel rebar (ACI 215R, 1974) 



10 

Based on testing, it was determined that the main factors affecting steel fatigue behavior 

are related to the physical properties, which are minimum stress, bar size, geometry of the bar 

deformations, yield and tensile strengths, and bending or welding of a bar (ACI 215R, 1974). 

2.3. Lap Splice Experiments 

Fatigue behavior of lap splices has been evaluated using different testing methods. The 

methods discussed in this literature review are divided into two subcategories: unidirectional cyclic 

loading under elastic demands (stresses below yield stress of the steel reinforcement), and reverse 

cyclic experiments with inelastic demands (stresses higher than the yield stress of the steel 

reinforcement). Lap splice experiments under monotonic loading were typically performed within 

the literature reviewed as a control variable. 

2.3.1. Monotonic and Elastic Unidirectional Cyclic Experiments 

2.3.1.1. Tepfers (1973) 

Tepfers conducted six different series of experiments to study various aspects of lap splice 

behavior on a total of 288 beam experiments. Tepfers evaluated the behavior of contact lap splices 

without stirrups, non-contact lap splices without stirrups, layered lap splices, and the effect of 

spiral confinement along the splice length. Tepfers divided the specimens into static and cyclic 

(fatigue) loading with different test variables for each group. For static tests, the significant 

parameters were splice length, reinforcing bar roughness or deformations, bar steel grade, bar 

diameter, concrete strength, concrete cover, presence and amount of stirrups, and presence of spiral 

reinforcement along the spliced bars. Subsequently, the cyclic (fatigue) experiments were limited 

to four parameters: roughness or deformation of reinforcing bars, steel grade, concrete strength, 

and the utilization of spiral reinforcement. Tepfers did not evaluate the use of stirrups on splice 
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behavior, but instead considered the use of spiral reinforcement along the lapped bars to resist the 

radial concrete tensile stresses along the lap splice (See Figure 2-10). 

    

Figure 2-10: Tepfers’s proposed spiral reinforcement at lap splice (Tepfers, 1973) 

Based on the tests, Tepfers concluded that lap splice failures resulted from longitudinal 

concrete cracking along the splice. Several different failure modes were defined: A) cover cracks 

along the entire length of the splice, B) cover cracks start at the end and propagate to the middle 

of splice, C) no cover cracks with a zipper-like failure depicted in Figure 2-11. 

 

Figure 2-11: Bond stresses distribution at failure (Tepfers, 1973) 
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From the static loading tests, 23 beams failed with mode of failure A and 6 beams failed 

with mode of failure B. Mode of failure C was not present in this series and was expected to occur 

only if very specific parameter combinations existed. From the fatigue loading tests, 17 beams 

failed in lap splice fatigue, 4 beams failed in lap splice fatigue after an increase in the repeating 

loads, 5 beams failed in fatigue outside of splice, and 7 beams were loaded to static failure after 

completing the repeating loading; 33 beams failed with mode of failure A, and 8 beams failed with 

mode of failure B. It was noted that fatigue failure occurred at loads as low as 60% of the ultimate 

static load. 

Tepfers’s experiments included a wide range of test parameters. The tests were filtered to 

obtain the tests only with conditions similar to the experiments conducted as a part of this thesis 

and are evaluated later in Section 2.5. 

2.3.1.2. Zacaruk (1990) 

Zacaruk prepared seven beams with 90mm long lap splices that were tested under 

monotonic or unidirectional cyclic loading. The specimens were 7 m (23 ft) long, with a 330 mm 

x 508 mm (13 in. x 20 in.) cross-section. The spliced longitudinal reinforcement consisted of 2-

No. 30 mm Grade 400 (MPa) bars with either 2-No. 30 mm or 3-No. 25 mm Grade 400 bars as 

compression reinforcement. Transverse reinforcement along the splice consisted of No. 10 mm 

Grade 300 bars spaced at 129 mm on center in accordance with ACI 408 recommendations. The 

applied stress range was varied for six of the tests (See Table 2-1), one beam was tested under 

monotonic loading, and one beam (F1-CONT) was tested with continuous top and bottom bars. 
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Figure 2-12: Zacaruk’s beam specimens configuration (Zacaruk, 1990) 
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Table 2-1: Zacaruk’s stress range variation in the specimens (Zacaruk, 1990) 

 

 Out of the seven beams tested using cyclic loading, six failed during the cyclic loading due 

to fatigue failure of the primary reinforcement. The rest of the beams completed the cyclic loading 

protocol and were subsequently loaded monotonically until failure. However, none of the test 

beams failed in fatigue bond as observed by Tepfers. A comparison between these two 

experimental programs showed that the additional confinement provided by the transverse 

reinforcement can change the mode of failure from concrete bond fatigue to steel reinforcement 

fatigue. Moreover, the comparison between specimens with lap splice and the continuous bars 

(similar steel and concrete properties) produced a nearly identical number of cycles to reach 

failure. This showed that the fatigue life of the specimen was not affected by the severe flexural 

cracks at the end of the lap splices. Zacaruks’s experimental results are compared to results from 

other experiments in Section 2.5. 
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2.3.1.3. Afseth (1993) 

Afseth’s experiments were an extension of Zacaruk’s tests, i.e., (7 m long; 330 mm x 508 

mm cross-section; 2-No. 30 mm Grade 400 bars for top and bottom; No. 10 mm transverse 

reinforcement). Ten beam specimens were constructed and divided into two beam configurations: 

1) 975 mm lap splice length with either five stirrups at 195 mm or four stirrups at 244 mm; 2) 900 

mm lap splice length with 7 stirrups at 129 mm. One specimen was loaded monotonically as a 

control test. 

 

Figure 2-13: Afseth’s beam specimens configuration (Afseth, 1993) 

From the experiments, Afseth concluded that the specimens with heavy confinement (s = 

129 mm) and shorter lap splice length (ls = 900 mm) did not fail due to lap splice fatigue. These 

results were comparable to Zacaruk’s test results with similar stress ranges. However, the 

specimens with nominally confined lap splices failed due to bond fatigue. These tests again 

supported the observation that transverse reinforcement along the lap splice influenced fatigue 

behavior. 



16 

Afseth modified the regression line formula proposed by Aas-Jakobsen (1970) by changing 

the maximum stress applied to the concrete strength ratio to the maximum stress in the steel to 

predicted static strength ratio: 

𝜎𝑠 𝑚𝑎𝑥

𝜎𝑠𝑡𝑎𝑡𝑖𝑐
= 1 − 𝛽(1 − 𝑅) log(𝑁) (2.1) 

where σs max is the maximum stress the steel reinforcement experienced, σstatic is the predicted static 

strength, β is the regression constant, R is the ratio of minimum and maximum stress applied, and 

N is the number of cycles to failure. 

 

Figure 2-14: S-N curve of Afseth’s experiments (Afseth, 1993) 

Afseth’s experimental results are compared to results from other experiments in Section 

2.5. 

2.3.1.4. Alyousef (2016) 

Alyousef’s primary objective was to evaluate the effect of FRP on the bond strength of lap 

splices with different concrete cover thickness under monotonic and fatigue loading. Hence, a 

comparison of unwrapped and wrapped specimens with different concrete cover values was 
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produced. The specimens were divided into three categories, with 20 mm, 30 mm, and 50 mm 

concrete cover. A set loading range was used for each category of the test specimens. 

The beam test configuration utilized in Alyousef’s experiments was a 2.2-m-long beam 

with a 250 mm x 350 mm cross-section (See Figure 2-15). The beams were designed to fail in 

bond rather than in flexure. The bottom spliced reinforcement included 2-No. 20 mm Grade 400 

and the top reinforcement considered of 2-No. 10 mm Grade 400 bars outside of the splice region. 

There were no stirrups used within the splice region to clearly evaluate the effect of FRP 

confinement on the bond behavior. The splice length used was 300 mm. 

 

 

Figure 2-15: Alyousef’s beam specimen configuration (Alyousef, 2016) 

 Even though FRP is not considered in this thesis, Alyousef’s experiments evaluated several 

test specimens with lap splices and without FRP, which can be used in this study. 
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Figure 2-16: Alyousef’s unwrapped specimen’s S-N curve 

Figure 2-16 shows that different concrete cover, e.g., specimens G1, G2, and G3 with 20 

mm, 30 mm, and 50 mm of concrete cover, can affect the fatigue bond behavior. As the beams 

were designed to fail in bond, the unwrapped beams failed in fatigue bond failure. These 

experimental results are compared to results from other experiments in Section 2.5. 

2.3.2. Inelastic Reverse Cyclic Experiments 

2.3.2.1. Lukose et al. (1982) 

These experiments were divided into four phases where the first two phases were beam-

type tests with splices subjected to reverse cyclic loading, and the last two phases were column-

type tests with splices subjected to reverse cyclic loadings (not discussed in this literature review). 

Sixty-eight beams were tested in the first two phases; eight half-scale and fourteen full-scale beams 

were tested in the first phase, and twenty-two full-scale beams were tested in the second phase. 

The half-scale beams were 6-feet-long, and the full-scale beams were 21-feet-long. The 

dimensions of each beam and spliced reinforcements (67 ksi nominal yield stress) are given in 

Figure 2-17. The concrete compressive strength was between 3.8 to 4.2 ksi.  
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In the first phase, the beam specimens were loaded at their third points and the lap splices 

were located within the constant moment region of the beam. The half-scale beams were used to 

evaluate the influence of load history, transverse reinforcement, and concrete cover. The full-scale 

beams were tested to evaluate the size effect in modelling bond behavior in reinforced concrete. 

Additional full-scale beams in the second phase were tested with lap splices located either in a 

constant moment region or in a region with moment and shear (See Figure 2-18). 

 

                                     (Full-size)                                     (Half-scale) 

Figure 2-17: Beam specimens sizes in mm (Lukose et al., 1982) 

 

           (constant moment)              (shear region) 

Figure 2-18: Splices in constant moment v. in shear region (Lukose et al., 1982) 

The tests results confirmed that the performance of lap splices under cyclic loading is not 

affected by fatigue if the load is kept below 75 percent of the monotonic capacity (Lukose et al., 

1982; Tepfers, 1973). Subsequently, Lukose et al. showed that repeated load at 95 percent of yield 
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accelerates the deterioration of bond. Furthermore, the number of cycles performed at loading 

above yield governed the splice behavior. 

Table 2-2: Comparison between repeated and reversed loading 

 

Results presented in Table 2-2 (refer to Lukose et al. (1982)) show that reversed loading 

decreases the number of cycles that could be performed on the beams with lap spliced bars, even 

though the mode of failures were the same. The theory was that reversed loading caused alternating 

directions of bond stresses and cracking, and loss of cover in both the top and bottom sides of the 

beams reduced the number of cycles until failure. Splice behavior was affected more for beams 

with larger diameter bars. 

These experiments also emphasized the role of transverse reinforcement on lap splice 

behavior. Specimens with provided transverse reinforcement according to ACI Committee 408 

(1979) could withstand several repeated cycles near yield. However, by providing twice the 

amount of transverse reinforcement, beam specimens could sustain inelastic behavior up to a 

displacement ductility of 2 before bond failure. The results indicated that the splice confinement 

near the ends of the splice was only effective for beams subjected to monotonic loading. The 

distribution of the transverse reinforcement also indicated that better performance was observed 

for small diameter and closely-spaced stirrups rather than for larger diameter and widely-spaced 

stirrups. 
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2.3.2.2. Sparling and Rezansoff (1986) 

These experiments focused on evaluating the role of confinement, i.e., how the amount and 

type of transverse reinforcement affected splice strength and ductility. Three types of transverse 

reinforcement were considered: (1) ACI 408 recommended stirrups for static loading; (2) Stirrups 

spaced according to Tocci et al. (1981), or 72% more than required for ACI 408 in item (1); and 

(3) Spiral reinforcement along the splice (similar to Tepfers’s (1973) spiral reinforcement) with 

similar transverse steel area per unit length of splice as in configuration (2). Eleven beams were 

constructed and tested; the details of the specimens are shown in Figure 2-19. 

 

Figure 2-19: Beam specimens detail (Sparling & Rezansoff, 1986) 
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The loading protocols for this experiment were monotonic, repeated unidirectional cyclic, 

and reverse cyclic with loading above yield. However, the primary focus was on splice behavior 

for inelastic reverse cyclic loading. From these loading patterns and transverse reinforcement 

configurations, it was shown that the reverse cyclic loading and a poorly confined splice produced 

the worst damage. Cyclic loading also generated stiffness degradation, which produced higher 

deflections. Under fully reverse cyclic loading, the amount of displacement ductility achieved from 

configurations (2) and (3) were around 2.6 to 3.0, respectively, and 1.55 to 2.08 for configuration 

(1). 

2.3.2.3. MacKay et al. (1988) 

The beams in this experiment were constructed in two series with varying lap splice lengths 

and steel reinforcement grades. Series one included beams with steel reinforcement (fy of 412 

MPa) with splice lengths of 25db, 35db, and 45db. Series two consisted of beams with steel 

reinforcement (fy of 494 MPa) with splice lengths of 30db, 40db, and 50db. The steel reinforcement 

had distinct stress-strain characteristics depicted in Figure 2-20. 

 

Figure 2-20: Stress-strain curves of steel reinforcement in MacKay’s experiment (MacKay et al., 1989) 
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The transverse reinforcement (fy of 400 MPa) was designed based on an equation from 

Sivakumar et al. (1983), which translated to 8 stirrups in series one and 10 stirrups in series two 

tests. The main objective of this experiment was to evaluate the confining effect of concrete on the 

lap splice behavior for inelastic demands; prior testing (Lukose et al., 1982) assumed that the 

confining effect in the splice region was only from the transverse reinforcement . 

    

Figure 2-21: MacKay’s beam specimens and loading diagram (MacKay et al., 1989) 

The specimens were loaded with high-intensity reverse cyclic loading; the specimens with 

the shortest lap splice length for each series is the control specimen to assess any strength gain 

achieved due to the use of a longer lap splice length. 

Table 2-3: Series 1 and Series 2 comparison (MacKay et al., 1989) 

 

 The results presented in Table 2-3 indicate that the number of cycles prior to failure 

increased with the increases in lap splice length. As more cycles were performed, larger 
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longitudinal reinforcement strains were present resulting in an increase in the ultimate strength. 

Due to strain-hardening, on average, a seven percent increase was observed for Series One tests 

and a five percent increase was observed for Series Two tests. MacKay et al. (1989) concluded 

that additional confinement effect to the lap splice can be provided by the concrete when longer 

lap splice lengths were used. Furthermore, the results indicated that lap splices can withstand 

inelastic reverse cyclic demands if detailed properly. 

2.4. Transverse Reinforcement Requirements in Lap Splice 

Test results reported in the literature clearly indicate that transverse reinforcement (amount 

and configuration) is required to achieve the yield strength or ductile response for lap spliced bars. 

To achieve yield strength for static loading, ACI 408 recommends a maximum stirrup spacing of: 

𝑠 =
𝐴𝑡𝑟𝑓𝑦

1500 𝑑𝑏,𝑙
 [𝑝𝑠𝑖, 𝑖𝑛] (2.2) 

where s is the stirrup spacing, Atr is the transverse reinforcement area, fy is the yield stress, and db,l 

is the diameter of the spliced longitudinal bar. Subsequently, Lukose et al. (1982) recommended 

to double the transverse reinforcement specified by ACI 408 for loading above yield. More 

information regarding Lukose et al. (1982) tests can be found in Section 2.3.2.1. 

 Sivakumar et al. (1983) also proposed a relationship to determine the required spacing of 

transverse reinforcement along a lap splice to withstand 15 to 20 cycles reversed loading with a 

minimum strain demand in splice of at least 2.5ɛy: 

𝑠 = 𝑘 
𝐴𝑡𝑟𝑙𝑠

𝑑𝑏
2 ≤ 6 𝑖𝑛;       𝑘 =

3/8

𝑠𝑡𝑖𝑟𝑟𝑢𝑝 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
 (2.3) 

where k is a stirrup diameter size factor, Atr is the transverse reinforcement area, ls is the splice 

length, and db is the spliced steel reinforcement diameter. MacKay et al. (1988) then proposed to 

modify the spacing based on the ratio of fy,design/fy,measured. 
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 Tocci’s (1981) recommended spacing of transverse reinforcement for lap splices subjected 

to inelastic demands is:  

𝑠 =
0.28𝛼𝑑𝑏,𝑡𝑙𝑠

𝑑𝑏,𝑙
2 ;     𝛼 =

60

𝑓𝑦
 (2.4) 

where α is steel reinforcement grade factor, db,t is the transverse reinforcement diameter, db,l is the 

spliced bar diameter, and ls is the splice length. This equation was also used by Sparling and 

Rezansoff (1986) to achieve a displacement ductility ratio of around 2.0-2.5 for their beam tests. 

2.5. Summary of Lap Splice Experiments 

2.5.1. Elastic Range of Loading 

Specimens from Tepfers (1973), Zacaruk (1990), Afseth (1993), and Alyousef (2016) are 

categorized based on the lap splice parameters and the maximum stress achieved for the 

corresponding number of cycles performed in each test. 

Table 2-4: Lap splice parameter comparison for elastic tests 

Experiments 
Parameters 

cb (in) dt (in) db (in) fy (ksi) f'c (psi) ld (in) ls/ld 

R. Tepfers (1973) 1.02 0.00 0.63 56.9-85.3 4641 35.6 0.6-1.4 

J. A. Zacaruk (1990) 2.56 0.44 1.18 66.7 5802 35.6 0.9 

J. G. Afseth (1993) 2.56 0.44 1.18 66.7 4351 41.1 0.9 

R. Alyousef (2016) 1.62-2.81 0.44 0.79 63.1 6382 20.5-23.1 0.5-0.6 
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Figure 2-22: Envelope S-N curves for elastic tests 

Figure 2-22 presents the results of regression analyses for each category of test specimens. 

It is noted that the specimens with splice lengths similar to those used in this program (ls/ld = 

1.625), which are based on ACI 318-19, are those from Tepfers’s tests (ls/ld,ACI = 1.3 to 1.4). 

Tepfers’s beam specimens did not have stirrups over the splice length and have a value of cb/db = 

1.5; therefore, Tepfer’s tests would be expected to provide a lower-bound to what would be 

expected for the beams tested in this study. However, the beams tested by Tepfers’s were subjected 

to unidirectional cyclic loading, whereas the beams tested in this study were subjected to reverse 

cyclic loading, which would be expected to result in less favorable lap splice performance. 

2.5.2. Inelastic Range of Loading 

The behavior of lap splices subjected to inelastic loading is affected by the provided 

transverse reinforcement and concrete properties as identified in Section 2.3.2. Lukose et al. 

(1982), Sparling and Rezansoff (1986), and MacKay et al. (1988) all investigated lap splice 

behavior for bar stress demands beyond the yield stress. 
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Table 2-5: Lap splice parameter comparison for inelastic tests 

Experiments 
Parameters 

cb 
(in) 

dt 
(in) 

db (in) 
fy 

(ksi) 
f'c 

(psi) 
ld (in) ls/ld s 

Lukose et al. 
(1982) 

1.36 0.37 0.51 67.4 3916 
13.2-
50.9 

0.8-
1.2 

3db - 

7db 

Sparling and 
Rezansoff (1986) 

2.56 0.00 1.18 60.3 3626 41 0.9 2.5db 

MacKay et al. 
(1988) 

1.89 0.31 0.79 59.8 3916 
23.5-
28.2 

1.0-
1.2 

4db - 

5db 

 

Detailing recommendations to achieve inelastic responses for lap splices resulted from 

these studies; however, the maximum ductility achieved for the different test programs varied due 

to parameters considered in each test program. 

The review of the lap splice experiments reported in the literature indicates that insufficient 

information exists to adequately represent the lap splice behavior at wall critical sections for the 

strain demands and loading histories expected for wall design utilizing Performance-Based Wind 

Design approach described in the ASCE Prestandard for Performance-Based Wind Design (2019). 

The beam tests carried out as part of this thesis were focused on addressing the gaps identified to 

support further development of PBWD as described in ASCE (2019) and ACI 318-25.  
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3. Experimental Program 

 The beam experiments were developed to support of a research study related to the 

performance of ordinary c-shaped walls subjected to wind-loading protocols (See Figure 3-1 and 

Figure 3-2). The wall specimens were representative of one-third scale prototype walls from 

several example buildings designed and constructed in wind-prone cities in the U.S. (e.g., Austin, 

Miami, Chicago). The wall experiments were designed to study elastic and inelastic responses 

when subjected to wind loading demands. An important issue related to the test specimen design 

was whether to include splices of longitudinal reinforcement at the critical section at the wall-

foundation interface. Splicing wall longitudinal reinforcement at the critical section is common 

construction practice; however, splice performance under wind loading protocols that include 

nonlinear cycles, as noted in the literature review in Chapter 2, have not been thoroughly 

investigated. Hence, a study was undertaken to develop recommendations for splice requirements 

(i.e., length and detailing) that could be used for the wall test program. 

 

Figure 3-1: Ordinary wall cross-section (Unal et al., 2024) 
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Figure 3-2: Ordinary wall elevation view (Unal et al., 2024) 

The proposed wall test specimens are relatively expensive to construct and test; therefore, 

a beam test program was developed that could adequately represent the demands on the wall splice 

(Figure 3-4). The beams were designed to use the same rebar size, web width, cover, and transverse 

reinforcement that would be used in the wall test specimens (See Section 3.2) and a loading 

protocol was developed for the beams to match the wall strain demands under the given wind-

loading protocol (See Section 3.3). The small beam tests, with #2 Grade 60 tie spacing of 2, 3, and 

6 in., were tested first because the results were needed to finalize the design of the wall test 

specimens. However, due to concerns related to splice behavior for larger bars sizes, i.e., bar sizes 

used in typical building construction, additional, larger beams were tested with larger longitudinal 

bar sizes. 
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3.1. Naming Convention 

The beam specimens were given a naming convention (See Figure 3-3) to identify the 

corresponding test parameters used for each test. The first code is either SB (small beam) or LB 

(large beam), followed by SX (where X is the transverse reinforcement spacing in the splice 

region) and YY (where YY is the splice length). 

 

Figure 3-3: Naming convention of beam specimens 

3.2. Design of Test Specimens 

In the first phase of the beam test program, three small beams were designed to evaluate 

the lap splice behavior of #4 Grade 80 bars with different lap splice lengths and different spacing 

of transverse reinforcement over the splice length. The beam cross-section was selected to produce 

strain gradients under the wind loading protocol that would be representative of the strain gradients 

in the wall tests (e.g., neutral axis depth over the wall web length, c/lw; neutral axis depth over the 

beam depth, c/h). To accomplish this goal, a T-shaped beam cross section was used (Figure 3-4). 

Tension reinforcement consisted of 2#4 spliced bars at the bottom of the beam and 

compression reinforcement consisted of 2#8 continuous bars at the top of the beam. A larger bar 

size (#8) was used for top reinforcement to enable higher compressive strain demands in the 

spliced #4 bars under negative moment without yielding the #8 continuous top bars.  



31 

 
        (a) 

 

             (b) 

Figure 3-4: Small beam tests: (a) elevation view; (b) cross section (Unal et al., 2024) 

Since all #4 longitudinal bars were spliced at the critical section, the splice length required 

is determined as 1.3 times the development length (ld) calculated according to ACI 318-19 section 

25.4.2.4. Initial tests were performed for beams with a lap splice length of 1.3ld which did not 

perform adequately (described later). For subsequent beam tests, the required splice length was 

multiplied by 1.25 to account for overstrength and strain hardening of the longitudinal 

reinforcement, i.e., consistent with provisions at critical yielding sections for special walls (ACI 

318-19 Section 18.10.2.3). 

𝑙𝑠 1 = 1.3 × 𝑙𝑑;  Minimum ACI 318-19 lap splice length (3.1) 

 𝑙𝑠 2 = 1.25 × 1.3 × 𝑙𝑑;   ACI 318-19 splice length for special walls (3.2) 

𝑙𝑑 = [
3

40

𝑓𝑦

𝜆√𝑓𝑐
′

𝛹𝑡𝛹𝑒𝛹𝑠𝛹𝑔 

(
𝑐𝑏 + 𝐾𝑡𝑟

𝑑𝑏
)

] 𝑑𝑏 (3.3) 
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where ls is the splice length, ld is the development length, fy is the yield strength of the 

reinforcement, 𝜆 is the lightweight concrete modification factor, fc’ is the concrete compressive 

strength (expected properties for this experiment), cb is the lesser of the distance from the center 

of the spliced reinforcement to the nearest concrete surface and one-half of the center-to-center 

spacing between longitudinal reinforcement in the same layer, Ktr is the transverse reinforcement 

index, db is the diameter of the spliced reinforcement, and 𝛹𝑡 , 𝛹𝑒 , 𝛹𝑠, 𝛹𝑔 are modification factors 

according to ACI 318-19 Table 25.4.2.5. For the spliced #4 bars with cb=1.125 in. and Ktr=0.33, a 

12.3 in. development length results. Therefore, the minimum required splice length was 1.3×12.3” 

= 16 inches (SB-S6-16). Initial tests with 16 in. splice lengths did not perform adequately (as 

described later); therefore, for subsequent tests, this length was then multiplied by 1.25 for the 

other two small beams (SB-S3-20; SB-S2-20). 

Transverse reinforcement along the splice region was provided by #2 Grade 60 stirrups. As 

there are no requirements for transverse reinforcement spacing in the splice region for ordinary 

walls in ACI 318-19, the spacing was based on the minimum spacing of 18 in. for wall web 

horizontal reinforcement (ACI 318-19 Chapter 11.7.2.1). The beam stirrups represent the U-shaped 

bars that are lapped at the wall edge with the web horizontal reinforcement. The minimum spacing 

of ACI 318-19 was then scaled from 18 in. to 6 in. because of the scale factor used for the wall test 

specimens. However, initial testing of beams with 6-in. stirrup spacing did not perform adequately. 

Stirrup spacing was reduced to 3 in. and 2 in. in subsequent small beam test specimens. The stirrups 

between the support and the applied load at the end of the beam (See Figure 3-4(a)) were designed 

to provide enough shear capacity to resist expected shear demands assuming the probable moment 

(Mpr) strength of the beam would be reached during the test (i.e., to avoid shear failure). 
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Phase II of the test program involved tests on two large beams to evaluate the effect of 

spliced bar diameter on lap splice behavior for wind loading. The beam cross sections for the large 

beams were 20 in. deep and 10 in. wide (See Figure 3-6), i.e., twice the dimensions of the small 

beam tests; however, spliced longitudinal reinforcement consisted of 2#8 Grade 80 bars at the 

beam bottom and 2#8 continuous bars at the beam top (See Figure 3-6). For the large beams, with 

cb = 2.25 in. and for a #4 stirrup spaced at 7.5 in., the resulting development length is 30.9 inches. 

Again, based on initial small beam tests (See Equation (3.2)), this length was multiplied by 1.3 

and 1.25 to produce a splice length of 50 in. for both beam tests.  

  

Figure 3-5: Elevation view of the beam specimens 

 

Figure 3-6: Cross-section of the beam specimens 
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 The transverse reinforcement spacing in the large beam tests was related to that if the small 

beam tests using the parameter, asp, which is the ratio of the confining force along the splice to the 

yield force of the spliced bars: 

𝑎𝑠𝑝 =
𝐴𝑣𝑠𝑝 × 𝑓𝑦𝑡

𝐴𝑠𝑙 × 𝑓𝑦𝑙
 (3.4) 

where asp is the spacing parameter in splice region, Avsp is the total transverse reinforcement area 

in the splice region, Asl is the total spliced longitudinal reinforcement area, fyt is the yield strength 

of transverse reinforcement, and fyl is the yield strength of spliced longitudinal reinforcement. The 

small beam test specimens with 6, 3, and 2 in. stirrup spacings have asp values of 0.46, 1.15, and 

1.73, respectively. For the large beam tests, stirrup spacing was selected to provide values of asp 

that were similar to the values provided in the small beam tests for stirrup spacing of 3 and 2 

inches. Therefore, the stirrup spacings used in the large beam tests were 7.5 in. and 5 in., which 

produced asp values of 1.25 and 1.88, respectively. The comparison of the small and large beam 

test properties is provided in Table 3-1. 

Table 3-1: Small and large beam properties comparison 

 

In Table 3-1, bf is the beam flange width, bw is the beam web width, tf is the beam flange 

thickness, h is the beam total height, As is the longitudinal reinforcement area (top or bottom), fyl 

SB-S6-16 SB-S3-20 SB-S2-20 LB-S7.5-50 LB-S5-50

bf 8.5 in 8.5 in 8.5 in 14.5 in 14.5 in

bw 5.0 in 5.0 in 5.0 in 10.0 in 10.0 in

tf 2.0 in 2.0 in 2.0 in 3.0 in 3.0 in

h 10.0 in 10.0 in 10.0 in 20.0 in 20.0 in

As bot 2#4 2#4 2#4 2#8 2#8

As top 2#8 2#8 2#8 2#8 2#8

fyl 80 ksi 80 ksi 80 ksi 80 ksi 80 ksi

fyt 60 ksi 60 ksi 60 ksi 60 ksi 60 ksi

ls 16.0 in 20.0 in 20.0 in 50.0 in 50.0 in

s 6.0 in 3.0 in 2.0 in 7.5 in 5.0 in

At #2 #2 #2 #4 #4

asp 0.46 1.15 1.73 1.25 1.88

Small Beam
Variable

Large Beam
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is the longitudinal reinforcement yield stress, fyt is the transverse reinforcement yield stress, ls is 

the splice length, s is the stirrup spacing, dt is the transverse reinforcement diameter, and asp is the 

confining effect factor provided over the lap splice length. 

3.3. Loading Protocol 

A wind-loading protocol (See Figure 3-7) was developed for the ordinary wall test program 

that consisted of force-controlled loading (elastic behavior in the steel reinforcement) and 

displacement-controlled loading (inelastic behavior in the steel reinforcement). The loading 

protocol used was similar to the protocol used in the coupling beam experiments conducted by 

Abdullah et al. (2020). The loading protocol includes ramp-up cycles starting at 0.4Mpr and 

eventually reaching a rotation demand of 3.0Ɵy, where Ɵy is the estimated wall yield rotation, and 

then a symmetrical ramp-down. The value of Ɵy for the wall experiments was the estimated in-

plane (parallel to the web) rotation over an assumed plastic hinge length of one-half the wall length 

(37.5 in.). For the wall tests, the loading protocol is the same for positive and negative directions 

due to the symmetry of wall cross section and reinforcements for loading in the plane of the web. 

 

Figure 3-7: Loading protocol for ordinary wall (Unal et al., 2024) 

The loading protocol for the small beam tests was modified from the wall test based on 

calculated strain demands in vertical reinforcement at the wall critical section (where lap splices 
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were present) located closest to the wall edge for compression and tension. These wall strain 

demands were then normalized by the expected yield strain of the longitudinal reinforcement to 

obtain target values for the small beam experiments for each load or displacement level of the wall 

loading protocol (Table 3-2; Unal et al., 2024). Therefore, the loading protocol for the beam 

experiment was based on target strain demands from the wall experiment, versus yield rotation, 

which is not relevant for the beam experiment because the lap splices were located in a region of 

constant moment. These strain demands were then translated to target beam displacements for the 

small beam loading protocol (e.g., 1.2Ɵy wall demand and 1.6δy,b
+ for the small beam  produced a 

tensile strain demand of 1.86ɛy in the reinforcement; See Table 3-2). The yield displacement was 

based on the experimental yield displacement measured during the test (versus a predicted value). 

However, due to the asymmetric wall strain demands in the lap splice in tension and 

compression, i.e., tensile strain demands eventually exceeded yield strain whereas compressive 

strain demands were less than yield strain, the load applied in the small beams loading protocol is 

not symmetric in the positive and negative bending to produce the same strains in the wall tests 

(See Figure 3-8). In addition, due to limitations and/or differences between the wall and beam test 

setups, the ramp-down cycles for the displacement-controlled portion of the beam loading protocol 

were combined with the ramp-up cycles. 

Table 3-2: Applied strain demands in walls and small beams 
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Figure 3-8: Loading protocol for small beams (Unal et al., 2024) 

An additional modification of the loading protocol was required for the large beam tests. 

For practical reasons, it was not possible to provide sufficient beam compression (top) 

reinforcement to match the strain demands in the small beam tests (and the wall tests). Therefore, 

to avoid yielding the top reinforcement in the large beams, the compressive strain demands were 

limited to 0.1ɛy. As was done for the small beam tests, the ramp-down portion of the displacement-

controlled portion of the loading protocol was combined with the ramp-up portion (See Figure 

3-9). Table 3-3 provides a summary and a comparison of the strain demands applied to the small 

and large beam tests. 

Table 3-3: Strain demands comparison between small and large beams 

Wall Wind 
Small Beams - Strain 

Demands 

Large Beams - Strain 

Demands 
Number 

of 

Cycles Loading 

Protocol 
Tension Compression Tension Compression 

0.4 Mpr 0.2ɛy -0.14ɛy 0.2ɛy -0.05ɛy 500 

0.75 Mpr 0.93ɛy -0.27ɛy 0.93ɛy -0.1ɛy 75 

1.2 Ɵy 1.86ɛy -0.36ɛy 1.86ɛy -0.1ɛy 10 

1.5 Ɵy 2.55ɛy -0.4ɛy 2.55ɛy -0.1ɛy 6 

2.0 Ɵy 3.87ɛy -0.4ɛy 3.87ɛy -0.1ɛy 4 

2.5 Ɵy 5.46ɛy -0.4ɛy 5.46ɛy -0.1ɛy 4 

3.0 Ɵy 6.82ɛy -0.4ɛy 6.82ɛy -0.1ɛy 2 
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Figure 3-9: Loading protocol for large beams 

3.4. Test Setup 

A four-point loading test setup was fabricated to generate a constant moment region and 

zero shear (excluding beam self-weight) between the applied loads (See Figure 3-10, Figure 3-11, 

Figure 3-12, and Figure 3-13). The test setup supports were designed to enable the application of 

reversed cyclic loading to the beam (i.e., develop positive moment (tension in splice) and negative 

moment (compression in splice)). 

 

Figure 3-10: Small beam test setup schematic (not drawn to scale) 
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Figure 3-11: Large beam test setup schematic (not drawn to scale) 

 

 

Figure 3-12: Small beam test setup photo 
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Figure 3-13: Large beam test setup photo 

In the small beam test setup, the vertical load was applied from the bottom with a single 

actuator which was fixed to a bottom spreader (load transfer) beam. The bottom spreader beam 

transferred the vertical load through two rollers to the beam specimen which then was transferred 

to a top spreader beam through a pin support and a roller support. The top spreader beam was pin-

connected to the load cell which measured the actuator load. The loads on the test beam were 

assumed to be equal to one-half of the measured actuator load. 

In the large beam test setup, vertical loading was applied with a single actuator, pin-

connected with a load cell to a spreader (load transfer) beam, which was simply supported on the 

test beam. The test beam specimens were supported on two rollers, and the spreader beam was 

supported on a pin support and a roller support. As in the small beam test, the loads on the test 

beam were assumed to be equal to one-half of the measured actuator load. 
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The support systems in both small and large beams were designed to allow beam axial 

growth during loading (due to cracking and damage) without generating axial forces in the beams. 

The roller supports consisted of a steel cylinder clamped between two steel plates whereas the 

pinned support consisted of a custom link that allowed rotation at one end with lateral (axial) 

movement restrained at both ends (see Figure 3-14). 

 

(a)                                                            (b) 

Figure 3-14: (a) Pin and (b) Roller support mechanism 

3.5. Material Properties 

3.5.1. Concrete 

The specified compressive strength of normal weight concrete for the beam tests was 6,000 

psi at 28 days. However, based on data provided by the supplier (See Table 3-4), the expected 

average strength at 28 and 56 days were 7,780 psi and 8,340 psi, respectively. This mix design was 

used to achieve the target concrete compressive strength of 8,000 psi. The complete concrete mix 

design details are provided in Appendix B. 



42 

Table 3-4: Concrete compressive strength results from supplier 

 

In the small beam tests, four-inch diameter concrete test cylinders were created for testing 

at 7 (2 samples), 14 (2 samples), 21 (3 samples), and 28 days (4 samples), and at test date (3 

samples). The small beam tests were cast in late 2021 and tested in mid-2022. Concrete 

compressive strength test results for the small beam are provided in Table 3-5. 

Table 3-5: Small beam concrete compressive strength results 

Sample 7 Days 14 Days 21 Days 28 Days Test Day 

1 6,980 psi 7,760 psi 7,800 psi 7,938 psi 8,870 psi 

2 6,830 psi 7,280 psi 8,050 psi 7,696 psi 7,610 psi 

3 - - 7,560 psi 7,267 psi 8,280 psi 

Average 6,905 psi 7,520 psi 7,803 psi 7,634 psi 8,253 psi 

 

Results of the cylinder tests for the small beam test specimens indicated average 

compressive strengths of 7,634 psi at 28 days and 8,253 psi at test date (8% higher). The strength 

gain was considered marginal and not expected to bias the test results. 

In the large beam tests, four-inch diameter concrete test cylinders were also created for 

testing at 7 (2 samples), 15 (3 samples), and 28 days (4 samples), and at test date (3 samples). The 

large beams were cast in February 2023 and tested in February 2024. Concrete compressive 

strength test results for the large beam tests are provided in Table 3-6. 
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Table 3-6: Large beam concrete compressive strength results 

Sample 7 Days 15 Days 28 Days Test Day 

1 6,968 psi 8,635 psi 6,987 psi 11,080 psi 

2 6,828 psi 8,165 psi 8,002 psi 8,610 psi 

3 - 8,176 psi 9,068 psi 11,093 psi 

4 - - 7,942 psi - 

Average 6,898 psi 8,325 psi 7,999 psi 10,261 psi 

 

Results of the cylinder tests indicated average compressive strengths of 7,999 psi at 28 

days and 10,261 psi at test date (28% higher). The higher compressive strength at test date was 

due to the long delay in testing (Phase I wall tests were prioritized over the large beam tests). The 

higher test date strength was deemed acceptable because the development length in ACI 318-19 is 

proportional to the square root of f’c (√10,261/7,999 = 1.13), and thus, results in only a modest 

decrease in development length. As well, for PBWD, use of expected material properties at 

approximately one year or longer are typically recommended (LATBSDC, 2023) 

The stress versus strain relations for the cylinder tests at 28 days and at test date for both 

small and large beam tests are shown in Figure 3-15.  

  
              (a)                           (b) 

Figure 3-15: Unconfined concrete stress-strain curve: (a) small beams; (b) large beams 
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3.5.2. Steel Reinforcements 

A summary of the properties for steel reinforcement is provided in Table 3-7. 

Table 3-7: Steel reinforcement properties in the beam specimens 

Steel Reinforcement 
Rebar Properties 

Small beam Large beam 

Longitudinal #4 Grade 80 #8 Grade 80 

Transverse 
In Splice Region #2 Grade 60 #4 Grade 60 

Outside of Splice #4 Grade 80 #4 Grade 80 

 

A total of seven samples of three #4 (small beam) and four #8 (large beam) Grade 80 rebars 

were tested to obtain stress versus strain relations. For subsequent calculations, a trilinear fit to the 

average of the test results was used (See Table 3-8 and Figure 3-16); the relevant strain range for 

the beam tests is also shown on Figure 3-16. 

Table 3-8: Trilinear fit of rebar stress-strain curve 

Strain (in/in) Stress (ksi) 

0 0 

0.0043 88.1 

0.0125 88.1 

0.048 111.975 

0.15 111.975 

 

The maximum expected steel strain was calculated based on the maximum strain demands 

in the wind-loading protocol at 3Ɵy wall demand (6.82ɛy; See Table 3-2) which corresponded to a 

strain value of 0.0207 (ɛy = 88.1 ksi / 29,000 ksi = 0.00304). A trilinear fit of the measured rebar 

stress-strain curve was adjusted so that the fit was representative of the test results up until the 

maximum expected steel strain expected from the wind-loading protocol (See Figure 3-16). 

The summary of the #4 and #8 Grade 80 rebar test results is provided in Table 3-9. 
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Table 3-9: Summary of #4 and #8 Grade 80 rebar tests 

Size Sample fy (ksi) fu (ksi) Es (ksi) ɛy (in/in) 

#4 

1 89.1 111.5 29000 0.00307 

2 87.7 110.1 29000 0.00302 

3 87.5 110.2 29000 0.00302 

#8 

1 88.7 112.3 29000 0.00306 

2 88.2 111.7 29000 0.00304 

3 88.5 112.0 29000 0.00305 

4 88.4 111.9 29000 0.00305 
  

   

         (a)                 (b) 

Figure 3-16: Rebar stress-strain relations: (a) #4 Grade 80; (b) #8 Grade 80 

 Stirrups in the splice region were #2 (small beam) and #4 (large beam) Grade 60 bars. As 

the splice was in a region of constant moment (zero shear), stirrups were only used to provide 

confinement to the splice length. Outside of the constant moment region, #4 Grade 80 stirrups 

were used to (conservatively) prevent shear failure in this region. As stirrups were expected to 

remain elastic, coupon tests of these bars to determine stress–strain relations were not performed. 
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3.6. Fabrication of Test Specimens 

The fabrication of the beam specimens started with rebar cage assembly using two 

sawhorses to elevate the top longitudinal rebars. Next, several stirrups were slid into the splice 

region and tied in place. These stirrups helped to maintain the stability and shape of the beam 

reinforcement when the splice bottom longitudinal rebars were set into place. After the bottom 

rebars were tied to the stirrups, the rest of the stirrups were slid into place and tied in place. Photos 

of the finished rebar cages are shown in Figure 3-17. 

   

Figure 3-17: Rebar cage assembly of large beam specimens 

 The finished rebar cages were then placed inside the formwork with rebar chairs attached 

to the bottom stirrups to provide the prescribed value of concrete cover (See Figure 3-18(a)). A 

series of threaded rods were also inserted through the formwork and beam, perpendicular to the 

longitudinal axes of the beam (See Figure 3-18(a)), to be used as the anchorages for LVDTs and 

wire potentiometers (WPs) used to measure average strains in the splice region (See Section 3.7). 

Subsequently, concrete was placed in the forms for both beams (See Figure 3-18(b)) and removed 

after the concrete has hardened (See Figure 3-19). 
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            (a)                (b) 

 

(c) 

Figure 3-18: Beam construction: (a) rebar chairs and threaded rods in large beams; (b) concrete placement 

and pouring of large beams; (c) small beam rebar cages in formwork 
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Figure 3-19: Formwork removal of large beams 

 Finally, the beams were painted white using a watered-down paint. In the large beam 

specimens, a roller was used to apply a random black speckle pattern to one beam web surface to 

allow for use of digital image correlation (DIC) analysis (See Figure 3-20). 

 

Figure 3-20: Finished large beam specimens with paint for DIC 
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3.7. Instrumentation 

3.7.1. Average Concrete Longitudinal Strains: LVDTs  

For the small beam test, twelve linear variable differential transformers (LVDT), with ±1 

in. of linear range, were used to measure the average concrete strains within the constant moment 

region of the beam test specimens. The LVDTs were installed in pairs, at the top and bottom beam 

surfaces over a length of 8 inches and with perpendicular distance of 8 inches between the LVDT 

pairs (See Figure 3-21). 

 

Figure 3-21: Small beam LVDTs and WPs locations 

In the large beam tests, eight linear variable differential transformers (LVDT), with ±1 in. 

of linear range, were used to measure the average concrete strains within the constant moment 

region of the beam test specimens. The LVDTs were installed in pairs, at the top and bottom beam 

surfaces over a length of 10 inches and with perpendicular distance of 12 inches between the LVDT 

pairs (See Figure 3-22). A 0.5-inch offset was applied to the bottom LVDTs cores to accommodate 

larger elongation due to higher tensile strain demands in the splice (0.5-inch contraction capacity, 

1.5-inch elongation capacity). 
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Figure 3-22: Large beam LVDTs and WPs locations 

 

  

                       (a)                                                                             (b)      

Figure 3-23: (a) LVDTs and (b) Attachment to the beam specimens 

3.7.2. Beam Vertical Displacements: Wire Potentiometers (WPs) 

Three WPs were also used for both small and large beam test programs; two were installed 

at the beam specimen supports and one was installed at the middle span to measure beam vertical 

displacements (See Figure 3-22 and Figure 3-24). 
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Figure 3-24: Vertical WPs attachment to the beam specimens 

3.7.3. Beam Axial Elongation: Wire Potentiometers (WPs) 

In the large beam specimens, additional WPs were used at the beam ends to measure axial 

elongations (See Figure 3-25). 

 

Figure 3-25: Horizontal WPs attachment to the beam specimens 
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3.7.4. Digital Image Correlation (DIC) 

In the large beam test program, DIC was also used during testing with results post-

processed to determine to measure strains along the vertical face (web) of the beam and to assess 

crack patterns, particularly at small loading amplitudes. The beams were painted white, and a 

random black speckle pattern was applied with a paint roller (See Figure 3-26(a)). During testing, 

cameras were placed to capture the deformations within the splice region (See Figure 3-26(b)). 

  

       (a)                (b) 

Figure 3-26: Digital Image Correlation (DIC): (a) speckle pattern; (b) camera field of view 

 Photos were taken at zero load, peak positive bending load (tensile strain demands in the 

splice), and peak negative bending load (compressive strain demands in the splice) during the 

application of the loading protocol. These pictures were then post-processed using Digital Image 

Correlation Engine (DICE) and Paraview 5.9.1 to provide strain fields and crack patterns. 

3.7.5. Additional Instrumentations/Documentations 

In the small beam test setup, the measurement of displacement and force of the actuator 

was integrated in the testing device using axial-force based load cell (See Figure 3-27(a)). In the 

large beam test setup, an AC LVDT was installed to measure the actuator displacement and shear-
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force based load cell was installed to measure the actuator force (See Figure 3-27(b)). This 

measurement helped to automate the loading procedures, especially given the large number cycles 

(500 and 75 cycles) associated with the wind loading protocol. During the inelastic cycles of the 

loading protocol of the large beam test program, video documentation was used to help identify 

failure modes. 

    

                  (a)                                                                         (b) 

Figure 3-27: Force and displacement measurement: (a) small beam test setup; (b) large beam test setup  

Integrated force and 

displacement measurement 



54 

4. Results and Discussions 

This section presents results for the three small beam and two large beam tests. SB-S3-20 

is a companion test to LB-S7.5-50 (asp values of 1.15 and 1.25), and SB-S2-20 is a companion test 

to LB-S5-50 (asp values of 1.73 and 1.88). Table 4-1 provides a summary of predicted and 

measured beam yield and nominal flexural strengths, and yield displacement. 

Table 4-1: Sectional strength properties - analytical v. experiment 

Parameters 

Small Beam Test Specimens Large Beam Test Specimens 

Analytical 
Experiment 

Analytical 
Experiment 

SB-S6-16 SB-S3-20 SB-S2-20 LB-S7.5-50 LB-S5-50 

My
+ (kip-ft) 24.4 failed before yield 24.8 24.8 190.4 179.0 181.2 

δy
+ (in) 0.26 failed before yield 0.32 0.33 0.71 0.97 1.02 

Mn
+ (kip-ft) 26.1 failed before yield 30.7 31.5 216.0 206.4 210.0 

 

In Table 4-1, My is the yield moment, δy is the yield displacement, and Mn is the nominal 

moment. Analytical values for My and Mn are based on an assumed linear concrete stress-strain 

relation and a Whitney Stress Block (ACI 318-19 Chapter 22.2.2.1), respectively; the experimental 

values are estimated based on a multilinear fit to the test backbone relation. In this case, Mn is the 

maximum moment observed in the test. Table 4-2 through Table 4-6 present summaries of the 

experiment results for each beam test. 

Table 4-2: Experiments summary and results for SB-S6-16 

Wall 

Wind 

Loading 

Protocol 

Small Beam  

Wind Loading 

Protocol 

SB-S6-16 

Number of Cycles 
Peak Load 

(Downwards) 

Peak Load 

(Upwards) 

Peak 

Downwards 

Displacements 

0.4 Mpr 0.31 Mpr+ 0.28 Mpr- 500 cycles 9.4 kips 25.1 kips 0.17 inch 

0.75 Mpr 0.79 Mpr+ 0.51 Mpr- 6 cycles (failed at 3rd) 22.6 kips 46.0 kips 0.33 inch 

1.2 Ɵy 1.6 δy 0.64 Mpr- - - - - 

1.5 Ɵy 2.0 δy 0.72 Mpr- - - - - 

2.0 Ɵy 3.0 δy 0.72 Mpr- - - - - 

2.5 Ɵy 4.0 δy 0.72 Mpr- - - - - 

3.0 Ɵy 5.0 δy 0.72 Mpr- - - - - 
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Table 4-3: Experiments summary and results for SB-S3-20 

Wall 

Wind 

Loading 

Protocol 

Small Beam  

Wind Loading 

Protocol 

SB-S3-20 

Number of 

Cycles 

Peak Load 

(Downwards) 

Peak Load 

(Upwards) 

Peak Downwards 

Displacements 

0.4 Mpr 0.31 Mpr+ 0.28 Mpr- 500 cycles 9.7 kips 25.0 kips 0.11 inch 

0.75 Mpr 0.79 Mpr+ 0.51 Mpr- 75 cycles 22.5 kips 46.0 kips 0.31 inch 

1.2 Ɵy 1.6 δy 0.64 Mpr- 10 cycles 26.2 kips 57.4 kips 0.50 inch 

1.5 Ɵy 2.0 δy 0.72 Mpr- 6 cycles 27.5 kips 65.0 kips 0.66 inch 

2.0 Ɵy 3.0 δy 0.72 Mpr- 4 cycles 30.2 kips 65.0 kips 0.97 inch 

2.5 Ɵy 4.0 δy 0.72 Mpr- 

2 cycles 

(failed at 

2nd) 

30.5 kips 65.0 kips 1.29 inch 

3.0 Ɵy 5.0 δy 0.72 Mpr- - - - - 

 

Table 4-4: Experiments summary and results for SB-S2-20 

Wall 

Wind 

Loading 

Protocol 

Small Beam  

Wind Loading 

Protocol 

SB-S2-20 

Number of 

Cycles 

Peak Load 

(Downwards) 

Peak Load 

(Upwards) 

Peak Downwards 

Displacements 

0.4 Mpr 0.31 Mpr+ 0.28 Mpr- 500 cycles 9.0 kips 24.0 kips test setup error 

0.75 Mpr 0.79 Mpr+ 0.51 Mpr- 75 cycles 24.8 kips 46.0 kips test setup error 

1.2 Ɵy 1.6 δy 0.64 Mpr- 10 cycles 26.2 kips 57.9 kips 0.54 inch 

1.5 Ɵy 2.0 δy 0.72 Mpr- 6 cycles 27.4 kips 65.0 kips 0.73 inch 

2.0 Ɵy 3.0 δy 0.72 Mpr- 4 cycles 29.1 kips 65.0 kips 1.00 inch 

2.5 Ɵy 4.0 δy 0.72 Mpr- 4 cycles 30.9 kips 65.0 kips 1.33 inch 

3.0 Ɵy 5.0 δy 0.72 Mpr- 2 cycles 31.0 kips 65.0 kips 1.67 inch 

 

Table 4-5: Experiments summary and results for LB-S7.5-50 

Wall 

Wind 

Loading 

Protocol 

Large Beam 

Wind Loading 

Protocol 

LB-S7.5-50 

Number of 

Cycles 

Peak Load 

(Downwards) 

Peak Load 

(Upwards) 

Peak Downwards 

Displacements 

0.4 Mpr 0.18 Mpr+ 0.32 Mpr- 500 cycles 20.0 kips 41.1 kips 0.14 inch 

0.75 Mpr 0.79 Mpr+ 0.63 Mpr- 40 cycles 96.4 kips 78.9 kips 0.92 inch 

1.2 Ɵy 1.38 δy 0.63 Mpr- 10 cycles 99.2 kips 78.9 kips 1.40 inch 

1.5 Ɵy 1.77 δy 0.63 Mpr- 6 cycles 108.4 kips 78.9 kips 1.77 inch 

2.0 Ɵy 2.53 δy 0.63 Mpr- 4 cycles 110.8 kips 78.9 kips 2.58 inch 

2.5 Ɵy 3.81 δy 0.63 Mpr- 

4 cycles 

(failed at 

4th) 

115.3 kips 78.9 kips 3.83 inch 

3.0 Ɵy 4.71 δy 0.63 Mpr- - - - - 
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Table 4-6: Experiments summary and results for LB-S5-50 

Wall 

Wind 

Loading 

Protocol 

Large Beam 

Wind Loading 

Protocol 

LB-S5-50 

Number of 

Cycles 

Peak Load 

(Downwards) 

Peak Load 

(Upwards) 

Peak Downwards 

Displacements 

0.4 Mpr 0.18 Mpr+ 0.32 Mpr- 500 cycles 20.0 kips 41.1 kips 0.17 inch 

0.75 Mpr 0.79 Mpr+ 0.63 Mpr- 40 cycles 96.4 kips 78.9 kips 1.01 inch 

1.2 Ɵy 1.38 δy 0.63 Mpr- 10 cycles 99.5 kips 78.9 kips 1.42 inch 

1.5 Ɵy 1.77 δy 0.63 Mpr- 6 cycles 106.3 kips 78.9 kips 1.85 inch 

2.0 Ɵy 2.53 δy 0.63 Mpr- 4 cycles 111.0 kips 78.9 kips 2.59 inch 

2.5 Ɵy 3.81 δy 0.63 Mpr- 4 cycles 111.1 kips 78.9 kips 3.85 inch 

3.0 Ɵy 4.71 δy 0.63 Mpr- 2 cycles 117.8 kips 78.9 kips 4.78 inch 

 

The small beam specimen, SB-S6-16 (asp value of 0.46), with minimum ACI 318-19 splice length 

(16 in., see Section 3.2) and transverse reinforcement spaced at 6 in. displayed splice failure at the 

3rd cycle of 0.75 wall Mpr, which was below the expected yield strength (93% My). Strength loss 

was observed for LB-S7.5-50 during the 4th cycle to 2.5Ɵy (prior to completing the wind loading 

protocol). This result was similar to small beam test (SB-S3-20); asp values were 1.25 for LB-7.5-

50 and 1.15 for SB-S3-20. The wind loading protocol was completed for LB-S5-50 and then the 

beam was loaded monotonically to a displacement ductility demand of 7.25, where strength loss 

was observed due to cover loss and concrete crushing in the beam end spans at shear stress demand 

of 3.5√𝑓𝑐
′. If this failure did not occur, a bar rupture failure, as observed for SB-S2-20, would 

likely have occurred. Additional details are provided in the following subsections. 

4.1. Observed Damage and Cracking 

SB-S6-16 displayed splice failure before reaching the expected yield strength with 

horizontal cracks forming along the splice region (See Figure 4-1). Figure 4-2 shows the beam 

condition at the end of test with concrete spalling starting from the right side of the splice and then 

propagated towards the left side of the splice. Figure 4-3 shows the gap formed at the end of the 

splice due to bar slip. 
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Figure 4-1: Horizontal cracks in the splice region of SB-S6-16 

 

 

Figure 4-2: SB-S6-16 at the end of test 
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Figure 4-3: Slip at the end of spliced bars (SB-S6-16) 

SB-S3-20 displayed splice failure at 2.5Ɵy wall demand with vertical cracks forming along 

the splice region and followed by horizontal cracks (Figure 4-4). Figure 4-5 shows the amount of 

slip occurred in the splice which was 67% higher than SB-S6-16. Figure 4-6 displays the beam 

condition at the end of the test with concrete spalling over the splice length. 

 

Figure 4-4: Horizontal cracks in the splice region of SB-S3-20 
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Figure 4-5: Slip at the end of splice bars (SB-S3-20) 

 

 

Figure 4-6: SB-S3-20 at the end of the test 
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SB-S2-20 displayed no damage in the splice region at the end of the wind-loading protocol 

(See Figure 4-7). Figure 4-8 shows minor horizontal cracks at the end of the splice due to minor 

slip when the splice was engaged; this is expected in spliced bars. No damage was observed in the 

splice region until the end of the wind-loading protocol. 

 

Figure 4-7: SB-S2-20 at the end of the wind-loading protocol 

 

 

Figure 4-8: Minor horizontal cracks at ends of splice (SB-S2-20) 
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SB-S2-20 then underwent a seismic-loading protocol until failure. Figure 4-9 shows the 

large vertical cracks forming at the ends of the splice, where stirrups were located, after completion 

of the test. No splice failure was observed in this specimen; bar fracture occurred at a displacement 

ductility demand of 12 (Figure 4-10). Figure 4-11 shows the beam condition at the end of the test. 

 

Figure 4-9: Large vertical cracks at splice ends of SB-S2-20 

 

Figure 4-10: Bar fracture failure on SB-S2-20 

 

Figure 4-11: SB-S2-20 at the end of the test 
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LB-S7.5-50 splice damage initiated at the ends of the splice where vertical cracks were 

observed. Subsequently, horizontal cracks were observed along the spliced bars at 2.5Ɵy
 wall 

demand, indicative of splice slip (See Figure 4-12). This specimen displayed similar damage and 

cracks to SB-S3-20. Bar rupture was not observed until the end of the test (See Figure 4-13). 

 

Figure 4-12: LB-S7.5-50 splice failure @4th cycle of 2.5Ɵy 

 

Figure 4-13: LB-S7.5-50 failure detail 
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A more detailed description of the progression of LB-S7.5-50 damage under the wind-

loading protocol is displayed in Figure 4-14. 

 

Figure 4-14: LB-S7.5-50 at the end of each loading stage (WLP) 

 

LB-S5-50 exhibited similar cracks and damage patterns to SB-S2-20, with large vertical 

cracks forming at the ends of the splice, where stirrups were located (Figure 4-15). Minor 

horizontal cracks formed at the ends of the splice. No strength loss was observed at the end of the 

wind-loading protocol. 



64 

 

Figure 4-15: LB-S5-50 at the end of the wind-loading protocol 

A monotonic push was performed instead of a seismic-loading protocol due to large 

residual displacement in the specimen (See Section 4.2). Figure 4-16 shows the aftermath of the 

monotonic push to a total midspan displacement of 7.4 inches. The test was stopped due to cover 

loss/concrete crushing just outside of the constant moment region where shear force was present. 

Even so, no splice failure occurred during the monotonic push for LB-S5-50; bar fracture failure 

would be expected in this specimen (similar to SB-S2-20) if no concrete crushing occurred. 

 

Figure 4-16: LB-S5-50 at the end of the monotonic push 
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A more detailed description of the progression of LB-S5-50 damage under the wind-

loading protocol is displayed in Figure 4-17. 

 

Figure 4-17: LB-S5-50 at the end of each loading stage (WLP) 
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4.2. Load-Deformation Responses 

Predicted and experimental results for load (and moment within the splice region) versus 

total midspan displacement for the small and large beams are plotted in Figure 4-18 through Figure 

4-19. The predicted relations are based on monotonic loading whereas the experiment relations are 

for the applied loading protocol. The midspan displacement at yield for SB-S3-20, SB-S2-20, LB-

S7.5-50, and LB-S5-50 were larger than the predicted values given in Table 4-1, likely because of 

the cyclic loading protocol applied in the experiment with 500 cycles applied at 0.4 wall Mpr and 

40 to 75 cycles at 0.75 wall Mpr (versus the predicted based on monotonic loading). The target 

displacement demands (See Table 3-3) were calculated based on the experimental yield 

displacement (See Table 4-1). 

 

 
Figure 4-18: Load-Deformation responses of small beam test specimens 
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Figure 4-18(a) shows the failure of SB-S6-16 at the 3rd cycle of 0.75Mpr (for the wall) 

without reaching the expected yield strength. The observed strength degradation was 30% from 

the peak load at the 3rd cycle and 75% at the 6th cycle. During the 500 cycles at 0.4 Mpr (for the 

wall), even though the beam did not experience any strength loss, degradation of beam stiffness 

was observed due to repeated cyclic loading. Compared to SB-S3-20, SB-S6-16 had larger 

stiffness degradation due to the application of 500 cycles. 

Figure 4-18(b) displays the failure of SB-S3-20 at the 2nd cycle of 2.5Ɵy wall demand. The 

observed strength degradation was 84% from the peak load at the 2nd cycle. Stiffness degradation 

was present during the 500 cycles at 0.4 Mpr and 75 cycles at 0.75Mpr. 

During the application of the 500 cycles at 0.4Mpr and the 75 cycles at 0.75Mpr of SB-S2-

20 (See Figure 4-18(c)), issues were observed at the simply supports (custom link was used that 

did not provide enough rotational capacity at the supports) that resulted in a higher stiffness than 

predicted, which resulted in slightly lower strain demands in the splice. To solve the issue, the 

roller supports were readjusted using steel cylinders clamped between two steel plates for the 

subsequent loading stages. SB-S2-20 did not show any strength loss throughout the wind-loading 

protocol and the ramp-down. The beam specimen was then subjected to seismic loading protocol: 

2 cycles each at 7δy and 10δy; 1 cycle at 12δy (failure). 
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Figure 4-19: Load-Deformation responses of large beam test specimens 

The results presented in Figure 4-19(a) indicate that LB-S7.5-50 failed during the 4th cycle 

of 2.5Ɵy (wall demand) or 3.81δy of the beam (µδ=3.81). The failure resulted from stiffness 

degradation observed in subsequent cycles for the same peak loading. Observed strength 

degradation was 15% from the peak load for the 4th cycle and 38% during the 1st cycle of 3.0Ɵy 

wall demand. 

The loading protocol was developed with 75 cycles at 0.75 Mpr of the wall; however, during 

LB-S7.5-50 test, only 40 cycles were applied because the rotation of the custom support link used 

on the spreader beam to test beam connection started generating tension loads on the beam (and 

the splice) (See Figure 4-20). This issue was identified because the beam started to yield at an 

actuator force that was less than the expected. To address this issue, the test setup was modified as 
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shown in Figure 3-14. Rather than to complete the 75 cycles at 0.75Mpr (apply another 35 cycles), 

based on discussions with the Project Advisory Committee (PAC), the testing was continued with 

the inelastic portion of the loading protocol. The support issue was not present during LB-S5-50 

test because the test setup was modified. [discussion] 

 

Figure 4-20: Custom link roller support issue 

Additionally, during the cycles to 0.75Mpr, both large beam flanges cracked and a portion 

of the flange near midspan spalled off on one side of the beam. The loss of a portion of the flange 

resulted in a slightly lower moment capacity for the experiments than predicted; however, the 

difference was only about 5%. 

In Figure 4-19(b), LB-S5-50 showed no strength loss during the wind loading protocol, 

which included application of the ramp-down cycles. However, due to the residual tensile strain 

that remained in the splice (smaller compression strain applied in the splice induced larger residual 

tensile strain), the intended target strain range during the ramp-down portion of the loading 
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protocol were not achieved. Therefore, the ramp-down was stopped at the 6th cycle and a 

monotonic push was performed. The beam reached a midspan displacement value of 7.4 in. before 

large cover loss/concrete crushing occurred at a location outside of the constant moment region. 

4.3. Moment-Curvature Responses 

Results from pairs of LVDTs attached to the specimen were used to determine beam 

average curvature and rotation over the LVDT gauge length. The difference of the LVDT 

displacement readings between the top and bottom pair was divided by the vertical distance 

between the LVDTs (small beams = 8 in.; large beams = 12 in.) to obtain the average rotation in 

that LVDT span. This rotation was divided by the span of LVDT (small beams = 8 in.; large beams 

= 10 in.) to obtain the average curvature. Figure 4-21 through Figure 4-25 displayed the moment-

curvature responses from each pair of LVDTs to the predicted values (monotonic loading) for all 

beam specimens. In the small beam test specimens, Pair 3 values were averaged from the pairs 

located in the front and back of the specimens. It is noted that the predicted curvature values ignore 

the contribution of slip to rotation and curvature.  
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Figure 4-21: SB-S6-16 moment-curvature for each LVDT pair 

SB-S6-16 moment-curvature relations determined from experimental data were similar to 

the predicted relations at the 500 cycles of 0.4 wall Mpr. However, as noted above, the specimen 

failed at the 3rd cycle of 0.75Mpr, resulting in lower moment-curvature values than predicted.  
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Figure 4-22: SB-S3-20 moment-curvature for each LVDT pair 

Figure 4-22 shows that moment-curvature relations from Pairs 1, 2, 4, and 5 were similar 

to the predicted relations. Pair 3 showed smaller curvature relations as it was located at the middle 

of the splice where horizontal cracks formed only just before splice failure.  
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Figure 4-23: SB-S2-20 moment-curvature for each LVDT pair 

In Figure 4-23, Pair 4 shows significantly higher curvature values than predicted; it was 

observed in Figure 4-10 that bar fracture occurred at Pair 4. Curvature values for Pairs 1, 2, and 5 

were similar with predicted values. Pair 3, which was located at the middle of the splice region 

where damage was not observed, displayed smaller curvature values.  
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Figure 4-24: LB-S7.5-50 moment-curvature for each LVDT pair 

In LB-S7.5-50, large cracks were observed on the east end of the splice (Pair 3 and Pair 4; 

See Figure 4-24) which resulted in larger curvature values than predicted. Curvature values of Pair 

1 and Pair 2, where smaller cracks were observed, were similar to values for the predicted relations.  
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Figure 4-25: LB-S5-50 moment-curvature for each LVDT pair 

In LB-S5-50, a large vertical crack was also observed at the east end of the splice (Pair 3 

and Pair 4; See Figure 4-25); smaller cracks were observed at the west end of the splice (Pair 1 



76 

and Pair 2; See Figure 4-25). Pair 1 and 2 exhibited curvature values similar to values for the 

predicted relation. The large vertical crack formed just before Pair 4 attachment (See Figure 4-26), 

which resulted in the curvature values at this region being concentrated on Pair 3 instead of being 

distributed between Pair 3 and 4. 

 

Figure 4-26: LB-S5-50 crack detail (LVDT: Pair 3 and 4) 

Comment  
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4.4. Axial Growth 

As discussed in the previous chapters, axial growth of the beam, due to concrete cracking 

and reinforcement yielding, was not restrained during testing. In this study, axial growth data were 

obtained from the large beam test specimens. Figure 4-27 shows the axial growth of the large beam 

relative to the total midspan displacement. It is observed that the axial growth occurred during the 

ramp-up cycles, where new cracks were observed to form as the magnitude of the applied load 

increased. The maximum values of axial growth in LB-S7.5-50 was 1.82 in. or 1.16% of the beam 

span (13 ft support-to-support), whereas LB-S5-50 exhibited larger axial growth (2.25 in. or 1.4% 

of the beam’s span (13 ft support-to-support)) at the end of the wind-loading protocol and increased 

to 2.75 in. or 1.82% of the beam’s span at the final load of the monotonic push. 

In real buildings, some degree of axial restraint exists, e.g., due to engaging slabs between 

walls and gravity columns, and this axial restraint would affect the beam moment capacity, 

stiffness values, and crack widths (Anaraki, 2023). The presence of axial restraint preventing axial 

growth would produce axial compression in the beam and increase the moment capacity. However, 

as tested (without axial restraint), the test results should provide a conservative estimate of the 

splice length and detailing required to achieve the target performance.  

    

Figure 4-27: Axial growth on large beam test specimens 
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4.5. Digital Image Correlation (DIC) Results 

As mentioned in Chapter 3, data to enable DIC was also collected during the tests for the 

large beams. The DIC was used to measure surface strains and crack patterns on the north face of 

the beam. Figure 4-28 presents processed data for Y-Y strain at 0.79Mpr
+ (0.93ɛy) demand between 

the 1st cycle and the 40th cycle. It is observed that, for the 1st cycle, horizontal cracks started to 

form at the end of splice and propagated towards the middle portion of the splice. The horizontal 

cracks increased in the middle of the splice between the 1st and the 40th cycle. 

 

 

Figure 4-28: Y-Y surface strain at 0.75 wall Mpr demand (LB-S7.5-50) 
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 Although the beam strength did not degrade during these cycles, crack widths and crack 

lengths increased due to the repeated cycling below the static yield stress, which is typical of 

fatigue behavior. Figure 4-29 presents results for X-X and Y-Y strains at 0.75Mpr demand. Large 

vertical cracks formed at the ends of the splice, and horizontal cracks formed at the ends of the 

splice and propagated towards the middle of the splice, as previously noted. 

 

 

Figure 4-29: LB-S7.5-50 Surface strain and crack pattern from DIC (LB-S7.5-50) 
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Similar to LB-S7.5-50, DIC was performed on LB-S5-50 to display surface strains and 

crack patterns on the north face of the beam. Figure 4-30 presents X-X and Y-Y strains at 2.5Ɵy 

inelastic demand. It was observed that vertical cracks occurred in the splice region (indicating 

flexural cracks) and minor horizontal cracks formed near the ends of the splices. The complete 

DIC results for each loading stage under the wind-loading protocol are presented in Appendix E. 

 

 

Figure 4-30: LB-S5-50 Surface strain and crack pattern from DIC (LB-S5-50) 
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5. Comparison of Beam Specimens 

This chapter talks about the relation of the small beam and large beam tests results with 

previously done tests from other investigators. Recommendations of transverse reinforcement 

requirements are also included in the following subsections. 

5.1. Rebar Diameter Size Factor in Lap Splice 

  

  

Figure 5-1: Small versus large beams normalized load-displacement curve 

Comparisons between the small and large beams were made using normalized load-

displacement curves. The goal was to determine if the results varied with rebar size, i.e., #4 for the 

Wind-loading 

protocol 
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small beams and #8 for the large beams. From Figure 5-1, it was observed that the small and large 

beams produced similar behavior; SB-S3-20 and LB-S7.5-50 (𝑎𝑠𝑝 factor of 1.15 and 1.25) failed 

at 2.5Ɵy wall demand, whereas SB-S2-20 and LB-S5-50 (𝑎𝑠𝑝 factor of 1.73 and 1.88) both were 

able to complete the wind-loading protocol and failed at modestly higher displacement ductility 

values during the seismic-loading protocol. The failure mode and crack patterns for the small and 

large beams were also similar. Therefore, based on the results, rebar diameter from #4 to #8 does 

not affect the strength or deformation capacity of the beams (splice), i.e., bar diameter is adequately 

accounted for in the expression for the splice length. 

5.2. Recommendation of Transverse Reinforcement based on Confining Force 

Spacing requirements for transverse reinforcement over the lap splice length required to 

develop inelastic behavior have been proposed by various investigators (see Section 2.4). In this 

study, the parameter asp was used to enable comparisons between beam tests with different stirrup 

bar diameter and stirrup spacing. Values of asp for various beam test programs, included the tests 

conducted in this study, along with summary test parameters and the strain ductility achieved over 

the length of the lap splice, are summarized in Table 5-1. 

Table 5-1: asp values of beam test specimens 

 

Stirrup Criterion Spacing ls/s asp

Strain 

Ductility

ACI Committee 408 10.50 in 4.8 0.89 ≤1.0

Lukose et al. (1982) 5.00 in 10.0 1.88 5.0-5.5

Sivakumar et al. (1983) 7.30 in 6.9 1.29 ≥1.0

MacKay et al. (1988) 6.70 in 7.5 1.40 ≥1.0

Tocci et al. (1981) 5.20 in 9.6 1.81 ≥1.0

SB-S6-16 6.00 in 2.7 0.46 ≤1.0

SB-S3-20 3.00 in 6.7 1.15 6.2

SB-S2-20 2.00 in 10.0 1.73 16.5*

LB-S7.5-50 7.50 in 6.7 1.25 6.4

LB-S5-50 5.00 in 10.0 1.88 12.4**

*No splice failure. Strain was based on steel failure.

**No splice failure. Test was stopped before steel failure.
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The results presented in Table 5-1 indicate that values of asp ≥1.0 are needed to achieve bar 

yield (strain ductility ≥ 1.0). In some studies, ductility values (displacement or strain) were not 

reported; however, information was provided to indicate that spliced bars were loaded beyond the 

yield strain. 

The asp values for SB-S2-20 and LB-S5-50 were similar to the asp value obtained for the 

recommended stirrup spacing by Lukose et al. (1982). However, significant differences in the 

maximum strain ductility values were reported by Lukose et al. (1982) and this study, likely 

because Lukose et al. (1982) applied almost double the number of inelastic cycles for their tests 

(48 cycles) and used smaller loading increments compared to the loading protocol used in this 

study. The lap splice lengths used in the Lukose et al. (1982) tests were also shorter than the ones 

used in this study, which reduced the concrete confining effect for the lap splice (MacKay et al., 

1989). 

Correlations between asp values and strain ductility (µɛ) for the small and large beam 

specimens are shown in Figure 5-2. 

 

Figure 5-2: asp and µɛ correlation for small and large beams 

Based on the test results for the wind-loading protocol used (Figure 5-2), asp values greater 

than or equal to 1.25 and 2.0 are recommended for lap splices to achieve strain ductility demands 

≤ 6 and ≥ 10, which fall below the linear regression line as a conservative approach.  
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6. Summary and Conclusions 

Three small and two large beams with tension lap splices were tested in the Structural 

Engineering Laboratory at the University of California, Los Angeles. These experiments were 

developed as a part of a study to investigate the performance of ordinary reinforced concrete walls 

under wind-loading protocols. The primary objective of this study was to investigate the nonlinear 

fatigue behavior of wall lap splices and to develop strength and detailing provisions that achieve a 

prescribed level of ductility without strength loss to support the implementation of Performance-

Based Wind Design. 

From these experiments, the following conclusions and recommendations for lap splices 

subjected to wind loading producing modest nonlinear fatigue demands were obtained: 

1. Required transverse reinforcement (bar size and spacing) along the lap splice is related to the 

parameter 𝑎𝑠𝑝, which is the ratio of the confining force provided by the transverse 

reinforcement along the splice length to the total yield force of the spliced longitudinal 

reinforcement. Values of 𝑎𝑠𝑝 for the small beam test specimens, i.e., SB-S6-16, SB-S3-20, and 

SB-S2-20, were 0.46, 1.15, and 1.88, respectively. Values of 𝑎𝑠𝑝 for the large beam test 

specimens, i.e., LB-S7.5-50 and LB-S5-50, were 1.25 and 1.88, respectively. Splice failure 

was observed for SB-S6-16 prior to reaching the yield strength (moment). SB-S3-20 and LB-

S7.5-50, which have comparable asp values (1.15 and 1.25), displayed strength loss at a 

measured strain ductility of 6.2 and 6.4 (2.5Ɵy wall demand), whereas SB-S2-20 and LB-S5-

50 (with comparable asp values of 1.73 and 1.88) displayed no strength loss during the wind-

loading protocol. Subsequently, both SB-S2-20 and LB-S5-50 were loaded monotonically, and 

failure was observed at strain ductility values of 16.5 and 12.4, respectively. Based on these 

results, a value of asp ≥ 1.25 is recommended for splices if strain ductility demands ≤ 6.0, and 
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a value of asp ≥ 2.0 is recommended for strain ductility demands ≥ 10.0 for fatigue capacity 

under the given wind-loading protocol. 

2. To achieve adequate lap splice performance, the lap splice length required for ordinary walls 

according to ACI 318-19 Section 25.4.2.4 was multiplied by 1.25 to account for overstrength 

and strain-hardening of the longitudinal reinforcement under the nonlinear strain demands. 

This multiplier is not required in ACI 318-19 or ACI 318-25. It is noted that the multiplier of 

1.25 is consistent with what is required for special walls in ACI 318-19 Section 18.10.2.3(b). 

3. The results for the large and small beam tests were compared to determine if longitudinal 

reinforcement bar diameter affected strain ductility. Longitudinal bar diameters were #8 and 

#4 for the large and small beam tests, respectively. Based on this comparison, large and small 

beams with similar 𝑎𝑠𝑝 values and ACI 318-19 lap splice lengths multiplied by 1.25 achieved 

similar values of strain ductility. Therefore, for the range of parameters considered in this study 

and for the given loading protocol, longitudinal bar size did not affect the results. 

4. Future tests of lap splices subjected to nonlinear strain demands under wind-loading might 

consider tests on beams with larger longitudinal bar diameters, e.g., #10 or #11, since these bar 

diameters are used in construction of taller core wall buildings. 

For loading protocols with lower or higher peak demands, additional studies would be 

needed to determine the recommended lap splice length and requirements for transverse 

reinforcement.  
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Appendix A. Strength Calculation 

Predicted Moment-Curvature 

 

Figure A-1: Small beam positive bending analytical moment-curvature 

 

Figure A-2: Small beam negative bending analytical moment-curvature 
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Figure A-3: Large beam positive bending analytical moment-curvature 

 

 

Figure A-4: Large beam negative bending analytical moment-curvature 
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Lap Splice Length 

Development length (ACI 318-19 Section 25.4.2.4) 

𝑙𝑑 = [
3

40

𝑓𝑦

𝜆√𝑓𝑐
′

𝛹𝑡𝛹𝑒𝛹𝑠𝛹𝑔 

(
𝑐𝑏 + 𝐾𝑡𝑟

𝑑𝑏
)

] 𝑑𝑏 

𝐾𝑡𝑟 =
40𝐴𝑡𝑟

𝑠𝑛
 

• Small beam test specimens (SB-S6-16, SB-S3-20, SB-S2-20) 

𝑓𝑦 = 80 𝑘𝑠𝑖 

𝑓𝑐
′ = 8 𝑘𝑠𝑖 (𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑) 

𝑑𝑏 = 4/8" (#4); 𝑑𝑡 = 2/8" (#2) 

𝛹𝑡 = 1.0; 𝛹𝑒 = 1.0; 𝛹𝑠 = 0.8; 𝛹𝑔 = 1.15 

𝜆 = 1.0 

𝑐𝑏 = min (𝑐𝑐 + 𝑑𝑡 + 2𝑑𝑡,
𝑏𝑤

2
− 𝑐𝑐 − 𝑑𝑡 − 2𝑑𝑡) 

𝑐𝑏 = min (
3

8
+

2

8
+

2 × 2

8
,
5

2
−

3

8
−

2

8
−

2 × 2

8
) = min(1.125 𝑖𝑛. , 1.375 𝑖𝑛. ) 

𝑐𝑏 = 1.125 𝑖𝑛. 

𝐾𝑡𝑟 =
40 × 2 ×

π
4 ×

1
4

2

6 𝑖𝑛.× 2
= 0.33 

𝑐𝑏 + 𝐾𝑡𝑟

𝑑𝑏
=

1.125" + 0.33

4
8 "

= 2.91 ≥ 2.5 

𝑙𝑑 = [
3

40

80000 𝑝𝑠𝑖

1.0 × √8000 𝑝𝑠𝑖

1.0 × 1.0 × 0.8 × 1.15 

(2.5)
]

4

8
= 12.3 𝑖𝑛. 

𝑙𝑠 (𝑆𝐵−𝑆6−16) = 1.3 × 𝑙𝑑 = 16 𝑖𝑛.; ACI 318-19 Table 25.5.2.1 

𝑙𝑠 (𝑆𝐵−𝑆3−20 & 𝑆𝐵−𝑆2−20) = 1.25 × 1.3 × 𝑙𝑑 = 20 𝑖𝑛; ACI 318-19 Section 18.10.2.3(b) 
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• Large beam test specimens (LB-S7.5-50, LB-S5.50) 

𝑓𝑦 = 80 𝑘𝑠𝑖 

𝑓𝑐
′ = 8 𝑘𝑠𝑖 (𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑) 

𝑑𝑏 = 1" (#8); 𝑑𝑡 = 4/8" (#4) 

𝛹𝑡 = 1.0; 𝛹𝑒 = 1.0; 𝛹𝑠 = 1.0; 𝛹𝑔 = 1.15 

𝜆 = 1.0 

𝑐𝑏 = min (𝑐𝑐 + 𝑑𝑡 + 2𝑑𝑡,
𝑏𝑤

2
− 𝑐𝑐 − 𝑑𝑡 − 2𝑑𝑡) 

𝑐𝑏 = min (
3

4
+

2

4
+

2 × 2

4
,
10

2
−

3

4
−

2

4
−

2 × 2

4
) = min(2.25 𝑖𝑛. , 2.25 𝑖𝑛. ) 

𝑐𝑏 = 2.25 𝑖𝑛. 

𝐾𝑡𝑟 =
40 × 2 ×

π
4 ×

1
2

2

7.5 𝑖𝑛.× 2
= 1.05 

𝑐𝑏 + 𝐾𝑡𝑟

𝑑𝑏
=

2.25" + 1.05

1"
= 3.3 ≥ 2.5 

𝑙𝑑 = [
3

40

80000 𝑝𝑠𝑖

1.0 × √8000 𝑝𝑠𝑖

1.0 × 1.0 × 1.0 × 1.15 

(2.5)
] 1 = 30.9 𝑖𝑛. 

𝑙𝑠 (𝐿𝐵−𝑆7.5−50 & 𝐿𝐵−𝑆5−50) = 1.25 × 1.3 × 𝑙𝑑 = 50 𝑖𝑛; ACI 318-19 Section 18.10.2.3(b) 
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asp factor 

𝑎𝑠𝑝 =
𝐴𝑣𝑠𝑝 × 𝑓𝑦

𝐴𝑠𝑙 × 𝑓𝑦𝑙
;       𝐴𝑣𝑠𝑝 = 𝐴𝑣 ×

𝑙𝑠

𝑠
 

• SB-S6-16 

𝑙𝑠 = 16 𝑖𝑛. ;       𝑠 = 6 𝑖𝑛. 

𝐴𝑣𝑠𝑝 = 2 ×
𝜋

4
× 0.242 ×

16 𝑖𝑛.

6 𝑖𝑛.
= 0.24 𝑖𝑛2 

𝐴𝑠𝑙 = 2 ×
𝜋

4
×

1

2

2

= 0.39 𝑖𝑛2 

𝑎𝑠𝑝 =
0.24 𝑖𝑛2 × 60 𝑘𝑠𝑖

0.39 𝑖𝑛2 × 80 𝑘𝑠𝑖
= 0.46 

• SB-S3-20 

𝑙𝑠 = 20 𝑖𝑛. ;       𝑠 = 3 𝑖𝑛. 

𝐴𝑣𝑠𝑝 = 2 ×
𝜋

4
× 0.242 ×

20 𝑖𝑛.

3 𝑖𝑛.
= 0.6 𝑖𝑛2 

𝐴𝑠𝑙 = 2 ×
𝜋

4
×

1

2

2

= 0.39 𝑖𝑛2 

𝑎𝑠𝑝 =
0.6 𝑖𝑛2 × 60 𝑘𝑠𝑖

0.39 𝑖𝑛2 × 80 𝑘𝑠𝑖
= 1.15 

• SB-S2-20 

𝑙𝑠 = 20 𝑖𝑛. ;       𝑠 = 2 𝑖𝑛. 

𝐴𝑣𝑠𝑝 = 2 ×
𝜋

4
× 0.242 ×

20 𝑖𝑛.

2 𝑖𝑛.
= 0.9 𝑖𝑛2 

𝐴𝑠𝑙 = 2 ×
𝜋

4
×

1

2

2

= 0.39 𝑖𝑛2 

𝑎𝑠𝑝 =
0.9 𝑖𝑛2 × 60 𝑘𝑠𝑖

0.39 𝑖𝑛2 × 80 𝑘𝑠𝑖
= 1.73 
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• LB-S7.5-50 

𝑙𝑠 = 50 𝑖𝑛. ;       𝑠 = 7.5 𝑖𝑛. 

𝐴𝑣𝑠𝑝 = 2 ×
𝜋

4
× 0.52 ×

50 𝑖𝑛.

7.5 𝑖𝑛.
= 2.62 𝑖𝑛2 

𝐴𝑠𝑙 = 2 ×
𝜋

4
× 12 = 1.57 𝑖𝑛2 

𝑎𝑠𝑝 =
2.62 𝑖𝑛2 × 60 𝑘𝑠𝑖

1.57 𝑖𝑛2 × 80 𝑘𝑠𝑖
= 1.25 

• LB-S5-50 

𝑙𝑠 = 50 𝑖𝑛. ;       𝑠 = 5 𝑖𝑛. 

𝐴𝑣𝑠𝑝 = 2 ×
𝜋

4
× 0.52 ×

50 𝑖𝑛.

5 𝑖𝑛.
= 3.93 𝑖𝑛2 

𝐴𝑠𝑙 = 2 ×
𝜋

4
× 12 = 1.57 𝑖𝑛2 

𝑎𝑠𝑝 =
3.93 𝑖𝑛2 × 60 𝑘𝑠𝑖

1.57 𝑖𝑛2 × 80 𝑘𝑠𝑖
= 1.88 
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Appendix B. Concrete Mix Design 
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Appendix C. Steel Reinforcements Certified Mill Test Report 
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Appendix D. LVDTs and Wire Potentiometers Readings 

LVDTs (SB-S6-16) 

 

Figure D-1: 01 and 02 LVDT readings (SB-S6-16) 
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Figure D-2: 03 and 03R LVDT readings (SB-S6-16) 
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Figure D-3: 04 and 05 LVDT readings (SB-S6-16)  
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WIRE POTENTIOMETERS (SB-S6-16) 

 

Figure D-4: Wire potentiometers readings (SB-S6-16) 
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LVDTs (SB-S3-20) 

 

Figure D-5: 01 and 02 LVDT readings (SB-S3-20)  
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Figure D-6: 03 and 03R LVDT readings (SB-S3-20)  
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Figure D-7: 04 and 05 LVDT readings (SB-S3-20)  
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WIRE POTENTIOMETERS (SB-S3-20) 

 

Figure D-8: Wire potentiometers readings (SB-S3-20)  
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LVDTs (SB-S2-20) 

 

Figure D-9: 01 and 02 LVDT readings (SB-S2-20) 
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Figure D-10: 03 and 03R LVDT readings (SB-S3-20) 
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Figure D-11: 04 and 05 LVDT readings (SB-S2-20)  
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WIRE POTENTIOMETERS (SB-S2-20) 

 

Figure D-12: Wire potentiometers readings (SB-S2-20)  
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WEST SIDE LVDTs (LB-S7.5-50) 

 

Figure D-13: West side LVTD readings (LB-S7.5-50) 

EAST SIDE LVDTs (LB-S7.5-50) 
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Figure D-14: East side LVTD readings (LB-S7.5-50) 

WIRE POTENTIOMETERS (LB-S7.5-50) 
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Figure D-15: Wire potentiometers readings (LB-S7.5-50)  

Electrical issue. 

No physical effect. 
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WEST SIDE LVDTs (LB-S5-50) 

 

Figure D-16: West side LVTD readings (LB-S5-50) 
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EAST SIDE LVDTs (LB-S5-50) 

 

Figure D-17: East side LVTD readings (LB-S5-50) 
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WIRE POTENTIOMETERS (LB-S5-50) 

 

Figure D-18: Wire potentiometers readings (LB-S5-50)  
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Appendix E. Digital Image Correlation (DIC) Results 

LB-S7.5-50 

Stage 1: 500 Cycles @0.18Mpr+ and @0.32Mpr- 

100th Cycle 

 

 

Figure E-1: (LB-S7.5-50) Stage 1-100th cycle @0.18Mpr
+ DIC results 
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Figure E-2: (LB-S7.5-50) Stage 1-100th cycle @0.32Mpr
- DIC results 
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200th Cycle 

 

 

Figure E-3: (LB-S7.5-50) Stage 1-200th cycle @0.18Mpr
+ DIC results 
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Figure E-4: (LB-S7.5-50) Stage 1-200th cycle @0.32Mpr
- DIC results 
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500th Cycle 

 

 

Figure E-5: (LB-S7.5-50) Stage 1-500th cycle @0.18Mpr
+ DIC results 
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Figure E-6: (LB-S7.5-50) Stage 1-500th cycle @0.32Mpr
- DIC results   
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Stage 2: 40 Cycles @0.79Mpr+ and @0.63Mpr- 

40th Cycle 

 

 

Figure E-7: (LB-S7.5-50) Stage 2-40th cycle @0.79Mpr
+ DIC results 
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Figure E-8: (LB-S7.5-50) Stage 2-40th cycle @0.63Mpr
- DIC results 
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Stage 3: 10 Cycles @1.38δy and @0.63Mpr- 

10th Cycle 

 

 

Figure E-9: (LB-S7.5-50) Stage 3-10th cycle @1.38δy
+ DIC results 
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Figure E-10: (LB-S7.5-50) Stage 3-10th cycle @0.63Mpr
- DIC results 
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Stage 4: 6 Cycles @1.77δy and @0.63Mpr- 

6th Cycle 

 

 

Figure E-11: (LB-S7.5-50) Stage 4-6th cycle @1.77δy
+ DIC results 
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Figure E-12: (LB-S7.5-50) Stage 4-6th cycle @0.63Mpr
- DIC results  
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Stage 5: 4 Cycles @2.55δy and @0.63Mpr- 

4th Cycle 

 

 

Figure E-13: (LB-S7.5-50) Stage 5-4th cycle @2.55δy
+ DIC results 
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Figure E-14: (LB-S7.5-50) Stage 5-4th cycle @0.63Mpr
- DIC results   
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Stage 6: 4 Cycles @3.81δy and @0.63Mpr- 

4th Cycle 

 

 

Figure E-15: (LB-S7.5-50) Stage 6-4th cycle @3.81δy
+ DIC results 
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Figure E-16: (LB-S7.5-50) Stage 6-4th cycle @0.63Mpr
- DIC results 
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LB-S5-50 

Stage 1: 500 Cycles @0.18Mpr+ and @0.32Mpr- 

100th Cycle 

 

 

Figure E-17: (LB-S5-50) Stage 1-100th cycle @0.18Mpr
+ DIC results 
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Figure E-18: (LB-S5-50) Stage 1-100th cycle @0.32Mpr
- DIC results 
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200th Cycle 

 

 

Figure E-19: (LB-S5-50) Stage 1-200th cycle @0.18Mpr
+ DIC results 
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Figure E-20: (LB-S5-50) Stage 1-200th cycle @0.32Mpr
- DIC results 
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500th Cycle 

 

 

Figure E-21: (LB-S5-50) Stage 1-500th cycle @0.18Mpr
+ DIC results 
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Figure E-22: (LB-S5-50) Stage 1-500th cycle @0.32Mpr
- DIC results  
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Stage 2: 75 Cycles @0.79Mpr+ and @0.63Mpr- 

75th Cycle 

 

 

Figure E-23: (LB-S5-50) Stage 2-75th cycle @0.79Mpr
+ DIC results 
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Figure E-24: (LB-S5-50) Stage 2-75th cycle @0.63Mpr
- DIC results 

  



147 

Stage 3: 10 Cycles @1.38δy and @0.63Mpr- 

10th Cycle 

  

 

Figure E-25: (LB-S5-50) Stage 3-10th cycle @1.38δy
+ DIC results 
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Figure E-26: (LB-S5-50) Stage 3-10th cycle @0.63Mpr
- DIC results  
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Stage 4: 6 Cycles @1.77δy and @0.63Mpr- 

6th Cycle 

 

 

Figure E-27: (LB-S5-50) Stage 4-6th cycle @1.77δy
+ DIC results 
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Figure E-28: (LB-S5-50) Stage 4-6th cycle @0.63Mpr
- DIC results   
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Stage 5: 4 Cycles @2.55δy and @0.63Mpr- 

4th Cycle 

 

 

Figure E-29: (LB-S5-50) Stage 5-4th cycle @2.55δy
+ DIC results 
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Figure E-30: (LB-S5-50) Stage 5-4th cycle @0.63Mpr
- DIC results 
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Stage 6: 4 Cycles @3.81δy and @0.63Mpr- 

4th Cycle 

 

 

Figure E-31: (LB-S5-50) Stage 6-4th cycle @3.81δy
+ DIC results 
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Figure E-32: (LB-S5-50) Stage 6-4th cycle @0.63Mpr
- DIC results  
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Stage 7: 2 Cycles @4.71δy and @0.63Mpr- 

2th Cycle 

 

 

Figure E-33: (LB-S5-50) Stage 7-2nd cycle @4.71δy
+ DIC results 
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Figure E-34: (LB-S5-50) Stage 7-2nd cycle @0.63Mpr
- DIC results  
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