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ABSTRACT 

Splices in reinforced concrete columns in older buildings, or within the nonparticipating frames 

in some newer buildings, were typically designed as compression lap splices. Compression lap 

lengths are typically short (20 to 24db), and only light transverse reinforcement is provided over 

the lap length. Observations of column damage following earthquakes have revealed that these 

splices perform poorly; however, relatively sparse information exists to assess the expected 

performance for typical conditions. To address these needs, a PEER Center research program 

was undertaken at UCLA to conduct testing of full-scale columns under a variety of conditions. 

The test specimens consisted of cantilever columns with a point load applied at the top. The 450 

mm square column sections were tested under reversed cyclic lateral load with constant axial 

load. The primary variables include the level of axial load, the ratio of moment to shear, and the 

load history. Information on the test program, experimental observations, results, and 

conclusions are presented in this report. 

Specimens with 20db lap-splice length and poorly confined cross section behaved 

unsatisfactorily under cyclic lateral loading. The lateral strength of specimens started degrading 

at lateral drift levels of 1.0%–1.5%. The lateral strength degradation was due to the deterioration 

of the bond between the reinforcement bars and the surrounding concrete. Although higher levels 

of the applied axial load slightly increased the lateral strength of the specimens, changes in shear 

demand did not appear to influence the lateral load at which bond deterioration initiated.  

The degradation rate of the lateral strength was affected by the lateral displacement 

history and shear demand. The specimen subjected to a near-fault displacement history 

maintained more than half of its lateral strength up to a drift ratio of 5%, whereas the specimens 

with standard displacement history lost more than 75% of their lateral strength at that drift level. 

A comparison of specimens with moderate to high shear demand revealed that lateral strength 

degradation also increased with higher shear demand.  

The rotational response of the specimen was predominantly influenced by the slippage of 

reinforcement bars. At 1.5% lateral drift ratio, 80%–85% of the measured rotation was due to 

slip.  

The measured average bond strength gave an average of '95.0 cf  MPa ( '5.11 cf  psi), 

whereas bond strength implied by ACI 318-02 Equation 12-3 provided a lower bound.  
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NOMENCLATURE 
(Partial list:  Additional variables used locally in text) 

α = Reinforcement Location Factor 
γ = Reinforcement Size Factor 
β = Coating Factor 
λ = Lightweight Aggregate Concrete Factor 
∆y = Yield displacement 
Ag = Gross Cross-Sectional Area 
As = Area of Nonprestressed Tension Reinforcement 
bw = Column Width 
c = Spacing or Cover Dimension 
d = Effective Depth of The Column 
db = Nominal Diameter of Reinforcing Bar 
f`c = Concrete Compressive Strength 
fct = Concrete Split-Tension Strength 
fr = Concrete Rupture Strength 
fy = Steel Yield Stress 
h = Column Height 
Ktr = Transverse Reinforcement Index 
ls = Splice Length 
My = Yield Moment 
Mn = Nominal Moment Strength  
Vc = Concrete Shear-Strength 
Vn = Nominal Shear-Strength 
Vs = Steel Shear-Strength 
Vu = Ultimate Shear 

 



 

1 Introduction 

1.1 GENERAL 

 

Splices of column longitudinal reinforcement in older buildings (e.g., pre-1973) were commonly 

designed for compression only with relatively light transverse reinforcement enclosing the lap. 

For example, compression lap lengths of 20 longitudinal bar diameters are commonly found in 

older buildings, such as those designed with the 1956 and 1963 ACI codes. Under earthquake 

actions, a column may develop significant moments subjecting the longitudinal reinforcement to 

tensile stresses, particularly if the splice is located just above the floor slab, which is common in 

older construction. Given that required lap lengths for tension substantially exceed those required 

for compression, slip may occur along the splice length at load levels less than required to reach 

the nominal moment capacity of the column. The load-deformation responses of columns with 

splices that are representative of those found in older buildings are not well understood, and in 

particular, the degradation of strength and stiffness and the ability of the column to resist axial 

load after loss of lateral load capacity are of interest.  

Splices of column longitudinal reinforcement for moment frames in new buildings (e.g., 

designed according to ACI 318-02 provisions) are required to be located within the middle third 

of the column, encased within closely spaced transverse reinforcement, and to develop the yield 

stress of the bar in tension. Deformation compatibility requirements often govern the design of 

splices for columns not designed to be part of the lateral-force-resisting system (UBC-94, 

Section 1631.2.4, and UBC-97, Section 1633.2.4). More stringent requirements for transverse 

reinforcement for these nonparticipating columns were incorporated within ACI 318-95, and 

subsequently into UBC-97, following damage observed in the 1994 Northridge earthquake. The 

need for these new provisions indicates that substandard lap-splice (and shear reinforcement) 

details exist even in relatively recent building construction (e.g., pre-1995).  
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Relatively little research has been conducted on the behavior of columns with deficient 

lap splices. Early work focused primarily on developing rehabilitation options for splices. 

Testing was conducted on columns subjected to pure tension (Valluvan et al., 1993) and columns 

subjected to uniaxial bending with no superimposed axial load (Aboutaha et al., 1996). 

Rehabilitation measures studied included the addition of external and internal ties, as well as the 

use of jackets (e.g., steel angles with straps or steel-plate jackets with and without through-bolts). 

For most rehabilitation options, brittle splice failures were suppressed and substantial inelastic 

(flexural) deformations were observed prior to the loss of lateral load capacity. Improving splice 

behavior is sometimes referred to as a “local” rehabilitation strategy, as the local capacities 

(strength, stiffness, ductility) of the element are improved. 

For many older buildings, deficient column splices are likely to exist in a majority of 

building columns at many locations over the height of a building. Although rehabilitation of 

these columns is possible, as noted above, the rehabilitation methods typically result in 

substantial disruption to building functions and possibly even displacement of the occupants; 

therefore, it may not be economical or practical to rehabilitate column splices in buildings. To 

address these issues, rehabilitation options that minimize the impact on the occupants and 

building operations are desirable. A common strategy employed is to limit the drift imposed on 

the deficient columns by adding braces, shear walls, or a protective system (e.g., isolators, 

dampers) to the building such that the lateral deformations of the building are reduced to an 

acceptable level. By limiting the lateral building deformations, the forces imposed on the column 

splices are limited such that the spliced reinforcement is not subjected to significant tension. 

Rehabilitation guidelines (“Guidelines,” 1997) have been developed in recent years that are used 

by the engineering profession to accomplish this task (albeit, with unknown reliability). This 

rehabilitation strategy is sometimes referred to as a “global” rehabilitation strategy, as the goal is 

commonly to limit roof drift (a global response parameter) such that local responses (e.g., 

column moments, shears, and plastic rotations) meet specified acceptance criteria. 

Although the “global” rehabilitation strategy is well accepted and the guidelines exist to 

assist in implementing the selected strategy, very sparse data exist on the performance of 

columns with “deficient” lap splices. This lack of knowledge on how the lateral-load behavior of 

column splices is influenced by important parameters such as axial load, shear, and load history 

leads to considerable uncertainty, and conservative and costly rehabilitation measures.  
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1.2 OBSERVATIONS FROM EARTHQUAKE DAMAGE 

 

Brief summaries of splice damage observed in the 1994 Northridge, 1999 Izmit, and 1999 Chi-

Chi, earthquakes are provided to identify common damage patterns associated with splices as 

well as to establish important performance issues.  

Following the Northridge earthquake, shear and splice failures in reinforced concrete 

columns were commonly observed in older buildings and in building columns designed as 

nonparticipating elements. Splice damage at the base of an exterior column in a one-story 

parking structure is shown in Figure 1.1(a) (Sherman Oaks, near the 101/405 interchange). The 

column is approximately 450 mm square with 20db lap splices. Cross sections of the interior 

columns of this structure had been significantly increased to provide longer seat lengths for the 

precast floor girders; however, no apparent changes had been made to the exterior columns. 

Damage to the column indicated that slip had occurred along the splice, with spalling of 

concrete, which is fairly common for splice failures. Diagonal cracks in some of the exterior 

columns indicated that the shear capacities of these columns might have been compromised.  The 

shear distress in some columns (and the lack of significant observed damage in the splice region) 

indicates a range of behavior for columns with presumably similar details. 

Damage to columns of an eight-story parking structure located across the street (Ventura 

Boulevard) from the structure shown in Figure 1.1(a) is shown in Figure 1.1(b). The structure 

was designed using the 1982 UBC, and built in the mid-1980s. Although the columns in this 

structure had been designed with the lap splice near the mid-height of the column, 

“nonstructural” reinforced concrete exterior panels were cast directly against the columns, 

creating a captive column. The maximum moment for the captive column was shifted to the 

splice region, possibly leading to the observed damage. Splice damage was limited in this 

structure due to the extensive use of shear walls, which limited the lateral drift imposed on the 

columns.  

Poor behavior of splices in exterior columns may have been a significant contributing 

factor in the collapse of buildings in the 1999 Izmit, Turkey, and Chi-Chi, Taiwan, earthquakes. 

Figure 1.2(a) shows a close-up of a typical beam-column connection region for a five- or six-

story apartment building just east of Gölcük, Turkey. Straight anchorage lengths were used on 

the interior column bars, and the exterior column bars were extended through the joint and 



 4

anchored with short hooks into the top of the column in the story below. The failure surface 

between the column and the floor slab indicates that the interior column longitudinal bars were 

inadequately anchored, and pulled out, most likely at relatively low load levels, allowing the 

column to rotate freely. Lateral loads imposed on the columns under this condition lead to higher 

axial compression in the column (because the axial load for lateral and gravity loads are 

additive). The axial compression, when coupled with the column rotation caused by 

reinforcement slip, could lead to premature buckling of the exterior column longitudinal 

reinforcement passing through the joint.  

Damage in the splice region was observed in a 12-story building in Nantou (Fig. 1.2(b)), 

Taiwan; however, the use of shear walls was a significant factor in limiting the damage to the 

columns. Damage also was observed at some of the exterior beam-column connections in a 

three-story building near Nantou, Taiwan. Failure at the exterior connection regions for this 

building may have been initiated by slip along the interior column splice bars, leading to 

significant rotation of the column. Under the column rotation, large compression would be 

exerted at the column edge, potentially leading to the peeling away of the concrete in the joint 

region.  

In summary, column damage associated with the poor performance of splices has been 

consistently observed in recent earthquakes. In cases where the building system contains well-

distributed shear walls, column damage has not led to collapse. Damage to exterior columns and 

building collapses observed in the 1999 earthquakes in Turkey and Taiwan may have been 

significantly impacted by splice behavior or poor anchorage.   

 

1.3 OBJECTIVES AND SCOPE 

 
The primary focus of this research is to produce essential and well-documented data on the 

behavior of full-scale interior columns with lap splices subjected to constant axial load and cyclic 

lateral load. The experimental program consists of design, construction, and testing of six 

reinforced concrete column specimens with pre-1963 construction details. The effects of axial 

loading, shear demand, and displacement history on specimen response were investigated. A 

detailed description of the experimental program is presented in Chapter 2, followed by a 

presentation of the experimental results (Chapter 3), and conclusions (Chapter 4). 
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1.4 RELATED RESEARCH 

 
Studies of the behavior of lap splices subjected to cyclic loads date from the 1970s, with initial 

efforts focused on determining development length requirements for code provisions.  

Studies by Orangun et al. (1977) and Sozen and Moehle (1990) summarized experimental 

results from beams with lap splices and formulated equations to improve existing code 

provisions for development and recommended splice lengths for deformed bars in tension. These 

studies revealed that development length and splice length could be evaluated in terms of steel 

stress, concrete strength, bar diameter, concrete cover, and transverse reinforcement 

(confinement). Based on these studies, new code provisions were introduced into the 1989 and 

1995 ACI Building Codes (“Building,” 1989; 1995).  

 Additional work has been conducted to evaluate the response of lap splices in members 

subjected to earthquake induced cyclic loads, as well as techniques to improve the performance 

of inadequate lap splices.  Several of these studies are summarized in the paragraphs that follow.  

Research by Paulay et al. (1981) revealed the importance of confinement on the 

performance of members with lap splices. Twelve specimens with either 406.4 mm x 304.8 mm 

(16 in. x 12 in.) or 406.4 mm (16 in.) square cross sections with inadequate lap splice length (ls 

provided/ls required = 0.82 to 0.95) were tested. Although inadequate splice lengths were provided, 

well-confined splices were able to develop the tensile yield stress of the reinforcement and 

maintain their lateral load capacity up to a displacement ductility of four. It was concluded that 

increasing the splice length did not have a significant effect on the lateral strength; however, 

closely spaced transverse reinforcement substantially improved the cyclic response of the lap 

splice by preventing splitting of concrete and maintaining the shear transfer along the splice. The 

beneficial effect of confinement on the behavior of members with lap splices directed researchers 

to investigate increasing confinement as a rehabilitation measure to improve splice performance. 

Several different methods of providing improved confinement to deficient splices were 

evaluated.  

Two studies were conducted that focused on confining the splice region by using steel 

jackets. Chai et al. (1991) investigated the performance of circular bridge columns with pre-1971 

construction details under constant axial and cyclic lateral loading, whereas Aboutaha et al. 

(1996) investigated the use of steel jackets on building columns with square and rectangular 
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cross sections. No axial load was applied to the columns in both of these test programs. Both sets 

of experiments revealed that reference specimens, with 20 bar diameter lap-splice lengths, 

experienced bond deterioration prior to reaching the nominal moment capacity at the critical 

section. An evaluation of the test results produced by Aboutaha (Fig. 1.3) and Chai (Fig. 1.4) 

indicates that using a steel jacket is an effective method for improving the cyclic response of the 

columns with compression lap splices.  Even damaged specimens, once repaired with steel 

jackets, showed ductile behavior (Chai, 1991). Aboutaha concluded that rehabilitation of splices 

in members with rectangular cross sections required the steel jacket to be longer than the splice 

length and adhesive anchor bolts on each face of the column.  

Valluvan et al. (1993) constructed and tested twelve, approximately two-thirds scale 

column specimens to investigate various rehabilitation measures. The test columns were 482.6 

mm (19 in.) square and reinforced with 28.7 mm (#9) longitudinal bars and 9.5 mm (#3) hoops 

spaced 457.2 mm (18 in.) on center (Fig. 1.5). The specimens were subjected to reversed, cyclic 

axial loads (no bending). A reference specimen (no rehabilitation) was tested, and several 

approaches for providing confinement along the spice length were investigated, including the use 

of (1) steel angles and straps, (2) internal or external ties, or (3) welds along the spliced bars.  

The reference (no rehabilitation) specimen exhibited poor behavior under cyclic loading, with a 

sudden loss in the lateral load capacity at approximately two thirds the nominal moment capacity 

of the critical section (Fig. 1.6). The use of external steel angles and straps or ties were effective 

in improving splice performance, provided grout was used to achieve good contact between the 

existing concrete and the added confinement steel. Welding splices worked well provided 

additional ties were used to resist outward thrust produced by the eccentricity between the 

spliced bars. The use of internal ties was less effective, apparently because the removal of 

concrete cover to place the ties resulted in concrete micro-cracking that reduced the bond 

strength.  

Coffman et al. (1993) also investigated the effectiveness of using external ties as a 

rehabilitation measure on bridge columns with 35db lap-splice lengths. Four, one-half scale, 

circular reinforced concrete columns with construction details representative of those used in the 

1950s through the mid-1970s were tested. The splice regions of the specimens were confined 

with prestressed external hoops along the lower 1219.2 mm (4 ft) of the column. The size and 

spacing of the external hoops were varied to establish the effectiveness of adding prestressed 
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hoops.  Columns were subjected to cyclic lateral and constant axial load (0.10Agf’c). The control 

specimen, with a 35db lap-splice length, was able to maintain the lateral load capacity up to a 

displacement ductility of four (Fig. 1.7) and reinforcing strains of five times the yield strain. The 

response of specimens rehabilitated with prestressed hoops indicated that the external hoops did 

not increase the lateral strength of specimens appreciably; however, the energy-dissipation 

capacity at each cycle was improved and the displacement ductility capacity increased (i.e., the 

lateral load capacity was maintained for an increased number of cycles to higher drift ratios).  

Lynn (1996) investigated columns with pre-1970s construction details (Fig. 1.8). Eight, 

457.2 mm (18 in.) square columns with eight longitudinal reinforcing bars and 9.525 mm (#3) 

hoops/ties at either 304.8 mm (12 in.) or 457.2 mm (18 in.) spacing on center were constructed. 

Longitudinal reinforcement consisted of either 25.4 mm (#8) or 32.3 mm (#10) diameter bars. 

Five specimens had continuous longitudinal reinforcement, whereas three specimens were 

provided with splices (20db and 25db) at the bases of the columns. Table 1.1 presents a summary 

of the test variables.  

The specimens were subjected to reversed cyclic lateral displacements while the axial 

stress was held constant for the duration of the test at either 0.12f’c or 0.35f’c. The applied lateral 

displacement history was a function of calculated yield displacement (∆y), with three cycles with 

peak displacement of 0.25∆y and 0.5∆y, followed by cycles with peak displacement levels of ∆y, 

2∆y, and 3∆y, until the lateral load capacity of the specimens degraded substantially.   

Lateral load, top displacement response of specimens tested by Lynn are shown in Figure 

1.9. All specimens exhibited lateral strength degradation due to shear failure. Specimens with 

low axial load and steel ratio (2CLH18 and 2SLH18) showed fairly ductile response 

(displacement ductility of 4.2 and 3.5, respectively) compared with other specimens. Although 

the yield stress was reached in the spliced bars, cracks along the lap splice led to strength 

degradation and eventually shear failure (just above the splice) in the specimens with low axial 

stress (2SLH18 and 3SLH18). For the specimens with high axial stress, abrupt shear failures 

were observed for columns with and without the lap splices, shortly after reaching the bar yield 

stress in tension; therefore, the splice did not substantially influence the observed behavior. 

Specimens with abrupt shear failure lost axial load-carrying capacity just after the 

degradation of lateral strength. Specimens that displayed moderately ductile behavior after 

flexural yielding were able to maintain axial loads for larger displacement levels.  
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The experimental studies briefly summarized herein mainly focus on rehabilitation 

measures used for columns with inadequate lap-splice lengths. These tests were beneficial for the 

evaluation of local retrofitting methods. Among the rehabilitation options explored, adding 

external ties/hoops or using steel jackets were the most effective in improving the behavior of 

columns with deficient lap splices.   

However, for “global” rehabilitation strategies, it is important to understand the force 

versus deformation behavior of columns with short splice lengths to allow for design of reliable 

and economical rehabilitation measures. Available information is limited, with the tests 

conducted by Lynn et al. (1996) providing the bulk of the information. In general, columns with 

inadequate splice lengths display little energy-dissipation capacity, and in some cases, do not 

reach the nominal flexural strength at the critical section.  

The research presented in the following chapters focused on addressing this gap in 

information by conducting experimental studies on columns with short tension splice lengths 

subjected to reverse cyclic lateral loads. This report focuses on describing the experimental 

program (Chapter 2) and the experimental results (Chapter 3). Findings from the experimental 

study are presented in Chapter 4.  



 

2 Description of Experimental Program 

2.1 SPECIMENS 

 

Six reinforced concrete column specimens with pre-1960s construction details are tested. The 

test specimens consist of a cantilever column with a foundation block attached to a strong floor 

(Fig. 2.1). The specimens represent a building column from column mid-height between floors to 

the column-joint interface for an interior column. The column cross section is 18 in. (457 mm) 

square with 8 - #8 (db = 1.0 in.; 25.4 mm) longitudinal reinforcing bars and #3 (db = 0.375 in.; 

9.53 mm) ties @ 12 in. (304.8 mm) spacing with 90° hooks. The column cross-section and 

reinforcement details are the same as in the UC Berkeley test program (Lynn et al., 1996). The 

column height is selected to ensure that the shear strength of the columns (using ACI 318-99 Eq. 

11-4 and 11-15) are sufficient to develop the lateral load required to reach the nominal moment 

capacity at the base of each column, where a lap splice is located. A lap splice length of 20db is 

used based on the requirements for compression splices in older buildings.  

Table 2.1 provides an overview of the primary variables of the test program, which 

include (1) axial load (0.1, 0.2 and 0.3Agf’c), shear (low, moderate, and high levels), and lateral 

load history. The required development lengths according to ACI 318-99 (12-1) for the actual 

material properties are calculated as 793.5 mm (31.2 in.), or 31db for the splice length used 

(20db); the splice was expected to deteriorate when the column moment reached approximately 

60% to 70% of the nominal moment capacity. 
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The first three specimens (S10MI, S20MI, and S30MI) were tested using a standard 

cyclic lateral load history with the axial load held constant for the duration of the tests at 0.1, 0.2, 
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and 0.3Agf’c, respectively. The objective of this test series is to assess the influence of axial load 

on lap splices with low shear stress and light transverse reinforcement. 

  The second series of three specimens are companions to the first three, and are tested to 

assess the importance of shear and load history on splice behavior. Two specimens (S20HI and 

S20HIN) are tested with a moderate shear stress level and axial load (0.20Agf’c). A near-fault 

displacement history is applied to specimen S20HIN to evaluate the effect of loading history on 

splice performance. The last specimen (S30XI) is subjected to a standard displacement history 

with high shear stress level and axial load. The shear stress level at the initiation of splice 

deterioration was increased by decreasing the column height from 1828.9 mm (6 ft.) to 1676.6 

mm (5 ft. 6 in.) for specimens S20HI and S20HIN, and 1524 mm (5 ft.) for S30XI. 

 The specimen identification (ID) labels define the level of the applied axial load, the 

shear demand level at the lateral load expected to result in splice deterioration, and the applied 

lateral displacement history. For example, label S20HIN corresponds to S = Spliced; 20 = 

0.20Agf’c; H = High Shear Demand; I = Interior Column; N = Near-Fault Lateral Displacement 

History. 

 As mentioned, column heights are selected to ensure that specific levels of shear demand 

would be present when bond deterioration was expected to initiate. The fifth column of Table 2.1 

shows the ratio of shear demand when lateral strength degradation was expected to initiate, 

divided by the calculated nominal shear strength. Nominal shear strength of specimens is 

calculated using equations 2.2 and 2.3 for actual material properties. 
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2.2 MATERIALS 

 

Normal weight, 24.1 MPa (3500 psi) concrete, with maximum aggregate size of 25.4 mm (1.0 

in.) was used to construct the columns. The mix design and aggregate gradation are given in 

Tables 2.3 and 2.4, respectively. A retardant was added to the mix to allow more time for 

placement and finishing. After placement, the concrete was covered with burlap and kept moist 
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for 10 days. Test cylinders (152.4 mm x 304.8 mm; 6 in. x 12 in.) were made following ASTM 

Specification C31/C31M-00e1.   

Standard compressive strength tests (ASTM C31-39) on 152.4 mm x 304.8 mm (6 in. x 

12 in.) cylinders were done 7 and 28 days after concrete placement. In addition, stress-strain 

relations were also obtained at the test dates (Fig. 2.2). Concrete stress-strain diagrams are given 

in Figures 2.3 and 2.4. Split cylinder tests (ASTM C496) were also conducted. The concrete 

mechanical properties are presented in Table 2.5 where concrete rupture strength is calculated 

using equation 2.4. 

'5.7 cr ff ⋅=   ACI 318-99 (9-9)   (2-4) 

 Longitudinal and transverse reinforcement are deformed ASTM A 615 Grade 60.  Three 

different batches of longitudinal reinforcement bars are used. ASTM A307 tensile strength tests 

were performed on reinforcement bar samples to obtain the mechanical properties (yield and 

fracture strength, Table 2.6). 

 

2.3 CONSTRUCTION OF SPECIMENS 

 

Two sets of three column specimens were fabricated in the UCLA Structural Engineering 

Laboratory. Three forms were constructed for the first set of specimens using 2x4’s and ½ in. 

thick plywood.  These forms were dismantled after concrete placement and used for the second 

set of specimens. For convenience, all specimens were constructed in a horizontal position. 

Reinforcement cages for the foundation blocks (or pedestals) were fabricated first. 

Column pedestals are reinforced with 6 - #8 (db = 1.0 in.; 25.4 mm) top and bottom longitudinal 

reinforcing bars.  Shear reinforcement consists of a #3 hoop and two #3 ties (db = 0.375 in.; 9.53 

mm) spaced at 203.2 mm (8 in.) on center.  Pedestal reinforcement details are shown in Figure 

2.5. Reinforcement used was provided by C&M Steel, located in Fontana, California. Finished 

pedestal cages were placed in the forms using a crane.   

Reinforcement for the column was cut and bent, and then strain gauges were affixed to 

the column longitudinal bars and column hoops. A diagram of a completed reinforcing cage is 

shown in Figure 2.6. The complete cages were lifted using a crane and placed in the formwork, 

which was oiled to ease stripping of the formwork. Before placing concrete, PVC pipes were 
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arranged within the forms (Fig. 2.7) to allow for affixing the specimen to the strong floor, as well 

as to provide a duct for running strain gauge wires. Details of the splice and the strain gauge 

wires are shown in Figures 2.8 and 2.9. Figures 2.10 and 2.11 show the starter bars extending out 

of the pedestal that are spliced with the column longitudinal bars.  

Concrete was provided by a local supplier, Catalina Pacific. Concrete for all three 

specimens was placed from one truck within approximately 30 minutes. After final finishing, the 

concrete was covered with burlap and plastic sheets and kept moist. The forms were removed 

after 2 weeks.  The 152.4 x 304.8 mm (6 in. x 12 in.) test cylinders were cured adjacent to the 

specimens under the same conditions.  

The specimens were lifted and moved into position for testing using a crane. Tie-down 

rods were placed through the PVC pipes and threaded into the strong floor to anchor the base of 

the specimen. A thin layer of grout was placed between the pedestal and strong floor to ensure 

that the specimens were level for testing.  The axial load assembly at the top of the column 

(described below) and the 12.7 mm (½ in.) plates under the tie-down nuts were also grouted.   

 

2.4 TESTING APPARATUS 

 

The test setup is shown in Figures 2.12 through 2.14. The lateral load is applied with a 556 kN 

(125 kip) ATLAS hydraulic actuator with 609.6 mm (24 in.) stroke. The actuator is bolted to the 

column specimen at one end and to a steel reaction frame at the other end using rod eye-clevis 

bracket connections that allow free rotation in the vertical plane of the actuator (Fig. 2.11). An 

MTS 407 controller connected to a hydraulic power supply is used to control the actuator load 

and displacement. A schematic of the control system is given in Figure 2.15.  

The axial load on each specimen is held constant for the duration of the applied lateral 

displacement history.  The axial load assembly consists of two, 889.6 kN (200 kip) Enerpac 

RCH-1003 hollow plunge cylinders, two 46 mm (1 ¾ in.) diameter Dywidag Threadbar® 

Prestressing  steel rods (Grade 150), two MC 18x51.9 A 572 (Grade 50) steel channels, and two 

76.2 mm (3 in.) thick steel plate assemblies. The connection at the top of the column to the axial 

load assembly was established using 15.9 mm (5/8 in.) diameter J-bolts that were anchored in the 

concrete at the top of the column. The specimens are subjected to axial load by placing the 46 

mm (1.75 in.) diameter Dywidag rods in tension. The Dywidag rod is anchored to a 76.2 mm (3 
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in.) plate which is anchored to the strong floor with four 31.8 mm (1.25 in.) diameter, threaded, 

high-strength steel tie-down rods.  A hand pump with a reservoir was used to pressure the 

Enerpac cylinders.  The applied axial load was monitored from pressure dial gauges connected to 

the Enerpac hydraulic cylinders. Pressure-force calibration of the dial gauges was done prior to 

testing.  During testing, the hydraulic pressure was continuously monitored and adjusted to 

maintain the desired level of constant axial load. 

 

2.5 INSTRUMENTATION AND DATA ACQUISITION 

 

Different types of instrumentation were used to monitor the applied lateral load and 

displacement, strain of longitudinal and transverse reinforcement, flexural and shear 

deformations of the column, and pedestal translation and rotation. 

  For each specimen, reinforcing bar strains were measured using 27 longitudinal and 6 

transverse reinforcement strain gauges, as shown in Figure 2.16. Two types of Vishay 

Measurements Group, Inc., strain gauges (EP-08-250BG-120 and EA-06-125BT-120) were used, 

both with a 5% strain limit. These strain gauges are commonly used for post-yield static testing. 

In order to place strain gauges, reinforcement bars were filed and then the steel surface was 

prepared with chemicals. Strain gauges were attached to the prepared steel surface with M-Bond 

200 adhesive which allows up to 3% elongation. Finally, M-Coat W1 and M-Coat J were applied 

on the strain gauges for water and abrasion protection, respectively. Belden 8451c U1000 black 

cable was used to connect strain gauges to the data acquisition system. 

 The strain gauge-labeling scheme is given in Figure 2.17. Strain gauges are named 

according to the type of the reinforcement bar: L= Longitudinal, S=Starter, T=Transverse; height 

with respect to the column-pedestal interface in inches; and cross-sectional position. For 

example: L12-NW stands for the strain gauge placed on a longitudinal (L) bar 12 inches above 

pedestal level (12) at the north-west corner of the cross section (NW). 

Column deformations (flexure, shear and lateral displacement) were measured with linear 

voltage transducers (+/- 1.5 in.; 38.1 mm). The instrumentation layout was modified slightly 

between the first set of three specimens and the second set of three specimens. External 

instrumentation for the first set of three specimens (S10MI, S20MI, and S30MI) consisted of 31 

linear transducers, 25 on one side of the specimen to form a grid as shown in Figure 2.18. Four 
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transducers were placed on the opposite face of the column to obtain rotational response at the 

column base due to flexure and slip (Fig. 2.19). The instrumentation layout was changed for the 

second set of specimens, where the number of linear potentiometers used was reduced from 31 to 

18. Of the 18 linear potentiometers, six pairs were utilized to measure the flexural response 

(average curvature) of the specimen over the column height (Fig. 2.20). The measurement of 

shear distortions was made possible by using four wire potentiometers (Fig. 2.21) that were 

placed diagonally on the opposite face of the column. Two additional transducers were placed on 

two ends of the pedestal base to monitor any rotation of the foundation system. The external 

instrumentation layout and the labeling scheme are given in Figures 2.22 and 2.23, respectively. 

Potentiometers are connected to the reinforced concrete column with 6.35 mm (¼”) diameter 

fine threaded rods which were placed prior to concrete placement. Locations of the threaded rods 

are given in Table 2.7. All transducers were calibrated prior to testing. 

The lateral load was measured using a 667 kN (150 kip) Lebow load cell. The column top 

lateral displacement was monitored using a MTS Temposonic transducer (+/- 12 in.; +/- 304.8 

mm) mounted on the cylinder. In addition, a Celesco wire potentiometer (+/- 20 in.; +/- 508 mm) 

was mounted between the specimen and a rigid external reference frame to measure the lateral 

displacement at the point of lateral load application (top displacement).  Besides top 

displacement, mid-height and pedestal lateral displacements were measured relative to the rigid 

reference frame using wire potentiometers (Fig. 2.24). 

A National Instruments PCI 6052E card connected to a NI SCXI 1001 chassis was used 

for data acquisition (Fig. 2.25). The SCXI 1001 chassis has ten slots for analog or digital input 

modules. Eight of these slots were filled with SCXI 1121 four-channel isolated universal 

transducer modules, and the remaining two were occupied by SCXI 1100 32-channel differential 

multiplexer/amplifiers. A schematic of the data acquisition system is given in Figure 2.26. 

Strain gauges were excited with an input voltage and the obtained output was amplified 

using strain gauge amplifiers manufactured at UCLA (Fig, 2.27). Each amplifier card can excite 

and amplify one strain gauge channel. For each channel, proper gain was selected depending on 

the strain limit expected, and the bridge voltage was set to 4 Volts. Each strain gauge channel 

was adjusted to zero before the application of the axial load.  

The output voltage was transmitted from the amplifiers to the SCXI 1100 analog input 

module, and then to the PCI 6052E data acquisition card where the voltage was recorded. 
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Amplified voltage outputs from the strain gauges are in the range of 0 to 10 volts. Data 

acquisition software scales the voltage to strain before it is recorded. The relation between 

voltage and strain is given as: 

AkV
V

bridge

out

⋅⋅
⋅

=
4

ε        (2-5) 

where Vbridge is set to 4 Volts, k is the strain gauge factor provided by the gauge manufacturer, 

and A is the gain provided by the amplifier.  

Linear voltage transducers (potentiometers) do not require amplifiers; however, they need 

to be excited with an input voltage. For a given input voltage of Vin, the transducer produces an 

output of zero Volts for the closed position and Vin volts for full stroke (3 in.; 76.2 mm for the 

transducers used in this experiment). Four potentiometers were connected to each SCXI 1121 

modules. The voltage is scaled to inches and recorded. The relationship between displacement 

and voltage is given as: 

cVout ⋅=δ        (2-6) 

where c is the calibration factor (in./V). 

In order to process the test data more effectively, readings were taken only at specified 

load steps. Each cycle consisted of 32 load steps, with eight readings obtained between zero and 

the peak displacement (the actuator was stopped and held in position to obtain readings). This 

was accomplished by developing a data-logging program in LABVIEW shown in Figure 2.28. 

Besides recording the logged data as a spreadsheet, the program also allowed real-time data 

visualization for several transducers/gauges and provided a load displacement plot during the 

test. Each recording point is labeled as a data point number (DPN). Data point numbers 

corresponding to target peak lateral drift levels are given in Tables 2.8 and 2.9. 

 

2.6 TESTING PROCEDURE 

 

The specimens are subjected to constant axial load and cyclic uniaxial bending by the application 

of a cyclic displacement at the top of the column. Two different lateral displacement histories are 

applied to specimens, a standard history and a near-fault history. The standard displacement 

history is fairly typical (Fig. 2.29), and consists of three cycles at each displacement level with 

monotonically increasing drift levels (0.1, 0.25, 0.5, 0.75, 1.0, 1.5, 2.0, 3, 5, 7, and 10%).  
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The specimen subjected to the near-fault displacement history is cycled three times at 0.1, 

0.25, 0.5 and 1.0% drift levels, followed by one half cycle to 1.5% lateral drift level in one 

direction, followed by monotonically increasing drift in the opposite direction until failure is 

reached (Fig. 2.30).   

One objective of the tests is to apply large displacement amplitudes to assess both the 

loss of lateral load capacity and the loss of axial load-carrying capacity. The latter is important in 

evaluating life-safety and collapse prevention performance levels. Due to this consideration, 

lateral drift cycles were continued after the loss of lateral strength until axial load-carrying 

capacity was lost. 



 

 

3 Experimental Results 

 

Six specimens (Table 2.1) with the same construction details were tested with different levels of 

axial load, shear demand, and displacement history. Lateral load versus top displacement, 

moment versus base rotation, reinforcement steel strains, and shear distortion responses of the 

specimens, either measured directly or derived from the measured data, are presented in this 

chapter. 

 

3.1 EXPERIMENTALLY OBSERVED DAMAGE AND BEHAVIOR 

 

Column specimens were subjected to cyclic lateral displacements and constant axial load at three 

levels (0.10, 0.20, 0.30Agf’c). Specimen performance was generally poor, with little to no 

ductility, for all levels of axial load and shear demand (moderate to high), for both standard and 

near-field displacement histories. Lateral strength degradation was observed in all specimens due 

to bond deterioration along the splice prior to reaching the calculated yield displacement. Table 

3.1 summarizes the test results.  

Application of the standard displacement history involved subjected each specimen to 

three lateral displacement cycles at each prescribed drift level. As mentioned in Chapter 2, 

instead of continuous readings, readings were taken at prescribed points such that 32 readings 

were taken during each cycle.  The progression of damage for each specimen is documented with 

photos and figures, with legends provided to indicate the displacement level and data point. For 

ease of reference, Table 2.8 presents the applied peak lateral drift levels and the corresponding 

data point numbers. 

Although tested under different conditions, the response of the specimens to cyclic 



 18

loading was similar. Observations of the response of specimens during experiments are presented 

in this report.  

During testing of specimen S10MI, initial flexural cracks were observed at the column-

pedestal interface right after lateral loading has started. Flexural cracking on the column face 

started at a drift ratio of 0.25% (Data point numbers (DPN) 157 and 172 on the west and east 

column faces, respectively.) The number of observed flexural cracks increased with the 

increasing lateral drift ratios. Flexural cracks observed along the splice length were 114, 229 and 

406 mm above the pedestal level. Longitudinal cracking along the splice length began at the third 

cycle of 0.75% lateral drift ratio (DPN 361). This first crack was observed at a corner bar as a 

vertical hairline crack between the column-pedestal interface and the flexural crack 114 mm 

above the pedestal. This initial vertical crack did not appear to propagate during subsequent 

cycles at 1.0% and 1.5% drift ratios until a sudden crack extension occurred that coincided with 

the peak lateral strength at 1.5% drift. For 1.5% and higher drift ratios, the lateral load strength 

diminished, indicating that bond along the spliced bars was deteriorating. The length and width 

of the hairline longitudinal cracks along the spliced bars increased for higher drift levels. 

Cracking at the column-pedestal interface became more significant as the experiment progressed. 

 Concrete crushing at 2.0% drift ratio was later followed by the spalling of concrete cover 

along the splice length on the east and west sides of the column. Concrete spalling started at the 

corners of the column as a sign of bond deterioration between the concrete and the reinforcement 

bars. The amount of spalled concrete increased as the lateral drift ratios were increased. At 7% 

lateral drift ratio, the spliced longitudinal reinforcement bars were clearly visible, and the end of 

the longitudinal columns bars was observed to extend as much as 19 mm upwards from the 

pedestal level (DPN 873). 

 S20MI was the second specimen tested. Flexural cracking on the column face started as 

early as the first cycle of 0.25% lateral drift ratio (DPN 105). When the lateral drift ratio reached 

to 0.75%, cracks were observed from the pedestal-column interface to a height of 864 mm above 

the pedestal (47% of the column height). Similar to specimen S10MI, longitudinal cracks 

observed during the first cycles to a peak drift level of 0.75% (DPN 297 pushing east, DPN 313 

pulling west) occurred between the column-pedestal interface at the NW and NE corners of the 

column and the first flexural crack above the pedestal (approximately 100 mm). During the first 

cycle of 1.0% drift level, sudden and substantial crack propagation along the splice length (to a 
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total length of 508 mm) was observed at NE corner of the column (DPN 409). Lateral strength 

degradation initiated during the first cycle to 1.0% drift ratio (DPN 409) for the negative (east) 

direction and during the first cycle of 1.5% drift ratio (DPN 489) on the positive (west) direction. 

At 1.0% lateral drift, when lateral strength degradation initiated, longitudinal cracks were 

observed only at the south-west and north-east corners of the specimen. Cracks were narrow and 

had lengths of 114 mm on the east face and 514 mm on the west face. After completion of three 

cycles of 1.5% lateral drift, longitudinal cracks were present on west and east column faces along 

the lap-splice length. Bond deterioration was evident for all the longitudinal bars located on these 

two faces of the column. Initial hairline shear (diagonal) cracks were observed during the first 

cycle of 0.75% drift level (DPN 313). Additional shear cracks formed during the first cycle to 

1.5% lateral drift ratio (DPN 487); however, after lateral strength degradation initiated, no new 

diagonal cracks were observed. Concrete crushing and spalling also were observed adjacent to 

the column-pedestal interface during the cycle to 1.5% lateral drift ratio (DPN 489). After the 

first cycle of 3.0% lateral drift was completed, all concrete cover on the east and west faces had 

spalled off over the bottom 127 mm of the column, and the longitudinal bars located at the south-

west corner of the column were clearly visible. Pictures of Specimen S20MI from 0.5% to 7% 

drift ratio are presented in Figures 3.4 through 3.10. These pictures efficiently summarize the 

damage progress during testing.  

Specimen S30MI was subjected to 0.30Agf’c constant axial and cyclic lateral loading. 

Flexural cracking initiated during the first cycle to 0.50% drift level (DPN 217). The response of 

the specimen to cyclic loading was similar to specimens S10MI and S20MI with low and 

moderate axial loading, respectively, except that longitudinal cracks were observed to form 

suddenly at 1.5% lateral drift ratio (DPN 489) where lateral strength degradation has observed to 

begin (concrete crushing also was observed just above the pedestal). Prior to this, no longitudinal 

cracks were observed. Concrete spalling became more significant during the cycle to 2.0% 

lateral drift as fairly large sections of concrete cover spalled. During the cycle to 3.0% lateral 

drift (DPN 697), concrete cover on the east and west faces was severely damaged along the 

splice length. At 5.0% lateral drift, just before the end of the test, all concrete cover was 

completely lost along the splice length. Shear cracking was observed at 0.75% lateral drift (DPN 

297) but these cracks were not significant throughout the duration of the test.   

S20HI was the first specimen tested in the second set of three column specimens. 
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Specimen S20HI is a companion to specimen S20MI, but with higher shear demand (with 

decreased column height from 1823 mm to 1676 mm). At the sixth step of the first cycle to 

0.25% lateral drift ratio (DPN 103), the first flexural cracks were observed. This coincided with a 

change in initial stiffness of the lateral force-displacement plot, which was monitored on a 

computer screen during the experiment. At 0.50% lateral drift ratio, flexural cracks became 

abundant on the tension column face up to a height of 685 mm above the pedestal (41% of the 

column height). Crack widths were very small (<1.5 mm). Longitudinal cracking along the splice 

length was first observed during the cycle to 0.75% lateral drift (DPN 313). After three cycles of 

1.5% lateral drift were completed, longitudinal cracks propagated along the column to as much 

as 660 mm above the pedestal level. Crack widths were limited, generally less than 1.5 mm. 

Concrete crushing also was observed at this drift level (DPN 537), and concrete cover spalling 

occurred as drift levels were increased. At 3.0% lateral drift, the corner reinforcement bars were 

visible. At 7.0% lateral drift, all concrete cover over the bottom 400 mm of the column had 

spalled off. Shear cracks were observed on the north and south faces of the column starting at a 

drift level of 0.5% (DPN 201). Some minor cracking also was observed on the north side of the 

pedestal at this drift level. At 0.75% lateral drift, additional shear cracks were observed (DPN 

297), generally located between one-quarter and one-half column depths away from the column 

base (114 mm to 229 mm). Although observed shear cracking was more significant than that 

observed for the first three specimens (S10MI, S20MI, and S30MI), longitudinal cracking was 

dominant indicating that bond deterioration caused lateral strength degradation.  

S20HIN was the only specimen tested with the near-fault displacement history (Fig. 

2.30). Initial lateral displacement cycles were identical with the standard displacement history 

(Fig. 2.29), except for the absence of the cycles to 0.75% lateral drift. Response of the specimen 

was similar to that for the other specimens. Initial flexural cracks were observed during the first 

cycle of 0.50% lateral drift (DPN 105 and 121 on the east and west faces of the specimen, 

respectively). Longitudinal cracking started during the first cycle to 1.0% lateral drift (DPN 297 

and 312). At 1.0% lateral drift, 53% of the column height (890 mm) displayed flexural cracks. 

Longitudinal cracks along the splice length first appeared over a length of 100 mm at the bottom 

of the column. After completion of the second cycle to 1.0% lateral drift, longitudinal cracks had 

propagated along the entire splice length (20db). When 4.0% lateral drift was reached, 

longitudinal crack propagation had ceased and crack widths were as wide as 4 mm. For higher 
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drift ratios, the crack at the column-pedestal interface increased substantially due to the slip of 

longitudinal bars relative to the starter bars anchored within the pedestal. Concrete spalling 

started around 4.0% lateral drift, but it was not significant compared to the other specimens, 

mainly due to the lack of a cyclic displacement history.  

The test program concluded with testing of specimen S30XI. Initial flexural cracks were 

observed on the west and east face of the column during the second cycle to 0.25% lateral drift 

(DPN 137) and during the first cycle to 0.50% lateral drift (DPN 216), respectively. Flexural 

cracking propagated along the column height as the applied lateral drift level was increased. 

After the application of three cycles of 0.50% lateral drift (DPN 289), flexural cracks were 

observed over the bottom 0.7 meters of the column (45% of the column height). Longitudinal 

cracking initiated during the first cycle of 0.75% lateral drift at data point numbers 297 and 313 

on the west and east faces of the column, respectively. Observed longitudinal cracks were less 

prominent than for other specimens, and occurred only over the bottom 100 mm of the column 

on the north-west and north-east corners of the specimen. These cracks propagated up the 

column to a height of 686 mm (45% of the column height) when the lateral drift reached 2.0% 

(DPN 585). Concrete crushing was first observed at 1.5% lateral drift, and followed by spalling 

of concrete during the first cycle to 2.0% drift. Specimen S30XI was subjected to the highest 

shear demand of the columns tested; consequently wider shear cracks were observed. However, 

the extent of longitudinal cracking along the splice suggests that lateral strength loss was due to 

bond deterioration.  

Cracks were observed on the foundation pedestals during the experiments. As mentioned 

in Chapter 2, pedestals were designed to be strong enough to prevent cracking. Since columns 

were constructed and cast horizontally, one side of the pedestal was not covered with formwork. 

Although this large surface was kept moist with burlap covered with plastic during curing, some 

minor cracks formed due to shrinkage. In addition to these minor cracks, some longitudinal 

hairline cracks were also observed during testing; however, these cracks were not significant. 

Pedestal cracks were observed during the second cycle to 1.0% lateral drift (DPN 445) at the 

south-west starter bar of S10MI, during the first cycle to 1.5% lateral drift (DPN 489) at the 

south-west starter bar of S20MI, and during the first cycle to 0.75% lateral drift (DPN 313) at the 

south-east starter bar, and during the first cycle to 1.0% lateral drift (DPN 393) at the south 

starter bar of S30XI. These cracks indicate some bond distress along starter bars; however, since 
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strain readings along starter bars within the pedestal are not available, it is not possible to 

quantify this distress.  

The ability of the specimens to maintain the axial load-carrying capacity during the 

experiment was an important consideration during testing. The applied axial load was 

continuously monitored and held constant throughout the duration of each experiment. Although 

pressure on the hydraulic cylinders was constant during the test, the design of experimental setup 

led to variations. Since the axial load was applied at the top of the column and the mechanism 

used to apply the axial load displaced with the column, the displacements imposed on the column 

caused an inclination of the applied axial load (Fig. 3.11). As a result, the corrected applied axial 

load at the column base is equal to: 

( )αcos⋅= PN        (3-1) 

where α is the measured top rotation and P is the applied axial load. Top rotation versus lateral 

drift is given on Fig. 3.12.  

The change in the axial load due to top rotation is less than 1% for all specimens (Fig. 

3.13). Since the axial load variation was negligibly small, effectively, the axial was constant 

throughout each experiment. 

Two of the five specimens: S10MI (low axial load, standard displacement history) and 

S20HIN (intermediate axial load, near-fault displacement history) were able to carry the applied 

axial load to the maximum lateral drift that could be applied by the actuator (10% for S10MI, 

Fig. 3.14; and 12% for S20HIN, Fig. 3.18). After completion of the lateral displacement history, 

the lateral drift applied to specimen S10MI was retuned to zero, and the axial load was 

monotonically increased until failure, which occurred when an axial load of 0.20Agf’c was 

reached. Unlike specimens S10MI and S20HIN, specimens S20MI, S30MI, S20HI, and S30XI 

lost axial load-carrying capacity during the test. Specimens with moderate and high axial load 

reached 7% and 5% lateral drift, respectively. Table 3.3 shows the data point and corresponding 

lateral displacement at the loss of the axial load-carrying capacity. The axial load-carrying 

capacity generally began to degrade when hoops at the 101.6 mm and 406.4 mm levels above the 

pedestal opened allowing the vertical bars to buckle. The hoops were fabricated with only 90° 

hooks, as is common with older construction, and these hooks provided little lateral support to 

suppress buckling once the concrete cover was lost.  Figures 3.15 to 3.17 and 3.19 show column 

specimens after loss of the axial load-carrying capacity. Buckled longitudinal bars can be clearly 
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seen on these figures, as well as the opening of the 90° hoops. 

Although specimen S20HIN was subjected to moderate axial load and pushed beyond 

12% drift, the axial load-carrying capacity did not degrade. After reaching 12% lateral drift, 

specimen S20HIN was brought back to zero applied drift (original position prior to testing) and 

then two cycles of 2% and 4% lateral drift were applied, followed by pushing the specimen back 

to 12% lateral drift. No degradation in the axial load capacity was observed. The additional 

cycles did produce additional damage, such as concrete spalling and slight buckling of 

compression reinforcement; however, significant cover concrete was intact to keep the hoops 

with 90° hooks from opening. Consequently the longitudinal bars did not buckle, so the axial 

stability of S20HIN was maintained. Specimen S20HIN at 12% lateral drift is shown in Figure 

3.18. 

 

3.2 LATERAL LOAD VERSUS TOP DISPLACEMENT RELATIONS 

  

Lateral load versus top displacement plots were prepared to evaluate the overall response of the 

specimens. By investigating the plots, it is possible to comment on lateral strength, rate of 

strength degradation, energy-dissipation capacity, and ductility of the specimens. 

Lateral load versus top displacement graphs of the specimens are given in Figures 3.26 

through 3.31. In the graphs, positive (+) load and displacement correspond to pulling of the 

specimen toward the reaction frame, and negative (-) values correspond to pushing the specimen 

away from the reaction frame. The plots are modified to eliminate the external factors, such as 

the displacement of the reaction frame and the pedestal, such that the relation plotted reflects the 

applied lateral load and displacement of the top of the column relative to the base of the column.   

The applied lateral load is measured with a 667 kip load cell. However, due to the 

inclination of the top of the column during testing, base moments and applied shears are 

influenced by the horizontal component of applied axial load. Although the effect of the axial 

load is not reflected in the plotted lateral load, top displacement relations, it should be considered 

when calculating base moment and applied shear.  

At the undeformed position, the base moment is equal to the applied lateral load (F) 

multiplied by the column height (h). However, due to the applied displacement history at the top 

of the column, the axial load acts through an eccentricity (e) such that the moment at the base of 
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the column is (Fig. 3.11): 

ePhFM ⋅−⋅=       (3-2) 

Similarly, the applied shear at the top of the column is calculated considering the 

inclination (α) of the applied axial load (P) as: 

( )αsin⋅−= PFV       (3-3) 

The rotation at the top of the column is calculated using the linear wire potentiometers 

WP2 and WP3, because external displacement potentiometers placed longitudinally along the 

column surface were removed from the column at larger drift levels in order to prevent damage 

to the equipment. For this reason measuring column rotation by these transducers is not suitable 

for lateral load modification purposes. Wire potentiometers were kept on the column throughout 

the experiments, allowing the displaced shape to be estimated. A comparison of displaced shapes 

obtained from longitudinal potentiometers mounted along the column height and wire 

potentiometers indicate that the linear deformed shape at the top half of the column is a 

reasonable assumption to calculate top rotation; therefore, column top rotation is calculated using 

wire potentiometer data as: 

⎟⎟
⎠
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hh
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Values obtained using Equation (3-4) is plotted versus lateral drift levels plotted in Figure 3.12. 

These plots indicate that the top rotation is linearly proportional with the applied lateral drift and 

that the top rotation is slightly greater than the corresponding lateral drift.  

The wire potentiometer at the top of the column (WP3) and the Temposonic transducer 

within the cylinder were used to measure the lateral displacement of the specimen. The wire 

potentiometer (WP3) measures the lateral displacement between the column and a rigid reference 

frame, whereas the transducer in the cylinder measures the lateral displacement of the column 

and the lateral displacement of the reaction frame. Therefore lateral load, top displacement 

graphs are determined using data from the wire potentiometer (WP3) modified to account for the 

influence of pedestal movement (translation and rotation) on the column top displacement.  

Measured pedestal rotation and sliding displacement are given in Figures 3.20 through 3.23. 

Assuming that the pedestal rotates as a rigid body, the top displacement due to pedestal rotation 

is:   
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( ) ( ) ( )mmLhh pedestalpedestalcolumnPRPRrotationpedestal 4.2512_ ++⋅∆−∆=∆   (3-5) 

where ∆PR1 and ∆PR2 are the measurements from the two linear potentiometers placed on the east 

and west sides of the pedestal, respectively. The distance between the two transducers is the sum 

of the length of the pedestal and the thickness of the plastic brackets used to mount the 

potentiometers on the pedestal (25.4 mm). Top displacement due to pedestal translation is 

directly obtained from the wire potentiometer WP1 which measures the relative lateral 

displacement between the reference frame and pedestal (Eq. 3-6).  

1_ WPntranslatiopedestal ∆=∆       (3-6) 

As shown in Figures 3.20 through 3.23, the top displacement due to pedestal rotation and 

translation are very small relative to the values recorded at the top of the column. Despite this 

small contribution, the applied lateral displacement histories were corrected to remove the 

influence of pedestal rotation and translation by subtracting the sum of lateral displacements due 

to pedestal translation and rotation from the measured top displacement. Modified lateral 

displacement histories are presented in Figures 3.24 and 3.25. 

The corrected lateral load, top displacement plots are given in Figures 3.26 through 3.31. 

All specimens exhibit similar responses, with sudden lateral strength degradation at drift levels 

between 1% and 1.5%. Lateral strength degradation started just prior to, or just after reaching, 

yielding of the starter reinforcement bars. The responses were nonductile, that is, no 

displacement ductility was observed and the specimens displayed limited ability to dissipate 

energy. The peak lateral strength reached for each specimen was influenced by the level of the 

applied axial load, with increased lateral load capacity with increased axial load.  

An elastic-perfectly-plastic (EPP) model was used to normalize and compare the energy-

dissipation capacities of the specimens, as shown in Figure 3.41. Using lateral load versus top 

displacement responses, the amount of energy dissipated by the specimen and the EPP model are 

calculated by finding the area bounded by the load-displacement relations. Figure 3.42 plots the 

energy dissipated by both the EPP model and the test specimens. At the end of the applied 

displacement history, the total energy dissipated by each specimen was similar (~2x105 kN-mm), 

except for specimen S20HIN. At the end of the 2% and 5% lateral drift cycles, energy dissipated 

by the specimens with standard displacement history were 47% to 61% and 31% to 43% of the 

energy dissipated by an EPP model respectively (Fig. 3.43). Among the specimens with the same 

displacement history, S30MI and S10MI gave the largest and smallest normalized energy- 
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dissipation capacity, respectively. Specimen S20HIN dissipated 74% of the energy dissipated by 

the EPP model at the end of lateral drift cycles of 2% and 5%.  

Lateral drift cycles exceeding 1.5% drift led to significant reduction of lateral strength for 

all specimens, with the rate of degradation influenced greatly by the applied lateral displacement 

history (standard versus near fault), and somewhat by the level of the applied axial load. 

Specimen S20HIN, with near-fault displacement history, was able to maintain more than 50% of 

its peak lateral strength at drift levels up to 10%. However, specimens subjected to the standard 

cyclic lateral displacement history exhibited more significant lateral strength degradation, with 

residual lateral strength of not more than 30% of the peak value. These trends are evident in 

Figure 3.33, where the normalized moment, lateral drift response histories of specimens 

subjected to standard (S20HI, S20MI) and near-fault (S20HIN) displacement histories are 

compared. The rate of strength degradation of the specimens with the same lateral displacement 

history (i.e., standard) is similar. A normalized moment, lateral drift comparison of specimens 

S10MI, S20MI, and S30MI (Fig. 3.32), as well as the measured secant stiffness (Figs. 3.35, 3.36, 

and 3.37), indicate similar lateral strength degradation for all specimens. Measured secant 

stiffness values given in Figures 3.35 through 3.40 are calculated at peak lateral drift levels.  

The effect of shear demand on specimen response was investigated for specimens with 

moderate and high levels of axial load. Since lateral strength degradation was dominated by bond 

deterioration along the splice length, the influence of increased shear demand on the behavior of 

the specimens was insignificant. A comparison of responses of the specimens with moderate 

axial load (S20MI, S20HI and S20HIN) is shown in Figure 3.33. In this plot, the ratio of 

measured base moment to yield moment determined by section analysis of specimens S20MI, 

S20H, and S20HIN are plotted. Although shear demand at onset of splice deterioration was 

increased substantially by reducing the column height, specimens with low [(Vu@Mn)/Vn=0.70] 

and moderate [(Vu@Mn)/Vn=0.81] shear demand displayed similar behavior. The increased shear 

demand did not significantly impact the lateral strength nor the rate of strength degradation of 

specimens with moderate axial load. Comparisons of specimens with high axial load (S30MI and 

S30XI) reveal similar results. Normalized base moment versus lateral drift relations (Fig. 3.34) 

of these specimens indicated that although shear demand on the section is increased substantially 

(0.67 to 0.93), the normalized moment strengths reached in the two columns are very close 

(Mu/My ≈ 1.03 for both columns); however, S30XI displayed more lateral strength degradation 
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than S30MI after the peak lateral strength was achieved. Specimens S30MI and S30XI had 

normalized moment ratios of 0.33 and 0.23, respectively, at 5% lateral drift just prior to axial 

strength degradation occurred.  

 

3.3 MOMENT VERSUS ROTATION RELATIONS 

 

The moment-rotation response of the specimens is used to assess the contribution of slip to the 

overall rotation and displacement response of the specimens. The moment versus total rotation 

response of the specimens is plotted in Figures 3.44 through 3.49. These responses represent the 

rotation at the top of the column caused by flexural deformations over the column height and 

rotations caused by slippage of reinforcement bars over the splice length (20db). Total moment at 

the base of the column is calculated by summing the moments caused by lateral load and vertical 

load,  as given by Equation 3.2, rewritten as: 

( ) ( ) hPPhFM lateral ⋅⋅−∆⋅⋅+⋅= αα sincos      (3-7) 

It is desirable to separate slip rotation from total rotation to assess the impact of slip 

rotation, as well as to provide a means to calibrate moment versus slip-rotation springs that are 

used to model splice behavior (e.g., Reyes and Pincheira, 1999). Rotation due to slip of the 

reinforcement bars along the splice is calculated by using the measured potentiometer and strain 

gauge data. Linear displacement transducers measured the total rotation over the splice length at 

the base of the column, whereas several strain gauges attached to the longitudinal bars monitored 

the strain at several locations along the splice length. Average reinforcement strains were 

calculated using the strain gauge data. Slip rotation was taken as the difference between the total 

rotation and the rotation calculated using the average reinforcement strain along the splice 

length. Figures 3.50 through 3.55 show the moment-slip rotation plots over the splice length. 

Since measurement of slip rotation is based on strain gauge data, presented data are limited up to 

the point where strain gauge data are collected.  

Moment-rotation envelopes are also presented in Figures 3.56 through 3.61. Slip rotation 

constitutes a significant portion of the total rotation such that at the first peak of 0.5% lateral 

drift, the ratio of slip rotation to total rotation is in between 50% to 60% for all specimens. When 

1.5% lateral drift ratio is reached, slip rotations for specimens S10MI, S20MI, S20HI, S20HIN, 

and S30XI are measured as 85%, 82%, 83%, 81%, and 88% of the total rotation, respectively. As 
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lateral drift levels are increased, the contribution of slip to base rotation becomes dominant. 

 

3.4 STEEL STRAIN PROFILES 

 

Each specimen was instrumented with 33 reinforcing steel strain gauges. Of these, 27 gauges 

were used to monitor the strain histories of the longitudinal (flexural) column reinforcement 

(including the starter bars anchored into the pedestal) and 6 gauges were placed on the transverse 

reinforcement. The strain profiles obtained from the strain gauges were valuable for monitoring 

the stress transfer between column longitudinal and starter bars, as well as evaluating the impact 

of test variables such as axial load and displacement history on bond strength between 

reinforcement bars and the surrounding concrete. 

 The initial strain gauge readings (as well as other instruments) were taken before and 

after the application of the axial load and prior to the application of the lateral displacement. 

Strain measurements were continued through the experiment and recorded values were logged at 

every data point. 

Strain histories for longitudinal column reinforcement were used to plot the strain 

distribution along the splice length at peak values for each cycle of lateral drift from 0.1% to 3%. 

Steel strain distribution along the splice length is useful to evaluate the stress transfer between 

column longitudinal bars and the starter bars embedded into the pedestal. Strain distribution 

profiles can be used to determine the bond stress-slip relations needed for calibration of 

analytical models. Damage to the specimens ultimately led to damage of the strain gauges placed 

on longitudinal reinforcement; generally at about 3% lateral drift; therefore, readings for higher 

drift ratios are generally not available.   

Axial stress on the longitudinal (vertical) column reinforcing bars due to the combined 

bending and axial load is transferred to the starter bars embedded into the pedestal through bond 

between the reinforcing bar and the surrounding concrete. Prior to bond deterioration, a 

triangular strain distribution is commonly assumed, as shown in Figure 3.62. Figures 3.63 

through 3.74 show the longitudinal strain distribution for corner (NW) and middle (W) bars 

along the splice length. As shown in Figure 2.16, there are three strain gauges on the column 

longitudinal bar (blue) and two gauges on the starter bar (yellow). Also, it is known that the 
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longitudinal strain is equal to zero at the ends of the longitudinal reinforcement bars. Strain 

distribution profiles are plotted using these values.   

Although measured longitudinal strain distributions are not perfectly linear, strain 

distribution profiles for the initial lateral drift levels (e.g., 0.10% to 1.5%) are similar to the 

expected strain distribution. Lateral strength degradation coincided with the initiation of bond 

deterioration along the splice length. Bond deterioration was most significant at the lower half of 

the splice length, where the maximum moment occurred. 

Strain profiles indicate that corner and middle longitudinal bars behave differently. For 

all specimens subjected to standard cyclic displacement histories, bond deterioration was first 

observed at the corner bar (NW) after 1% lateral drift, whereas bond deterioration for the middle 

(W) longitudinal bar was not observed until a drift ratio of 1.5%. This trend is especially evident 

for the strain distributions of the interior and exterior bars of specimen S30MI, as shown in 

Figures 3.73 and 3.74. In this plot, the negative sign on the recorded strain at 3% indicates the 

residual strain due to the buckling of longitudinal bars. Consequently, S30MI lost its axial load-

carrying capacity during the next half cycle to a lateral drift level of 5%. 

The peak average bond stress developed along the splice was calculated and compared 

with values typically used in design.  The average bond stress (u) between reinforcement bars 

and the surrounding concrete was calculated using the variation of longitudinal steel strains over 

the splice length. A bilinear hysteretic steel stress-strain model (Fig. 3.75) was utilized to 

transform measured steel strains (ε) to longitudinal steel stresses (fs). Strain hardening was 

neglected since bond deterioration typically occurred prior to reaching yield. The calculated 

longitudinal stresses were later transformed into average bond stresses as:  

l
dfu bs

⋅
⋅

=
4

       (3-7) 

where fs is the axial stress on the bar, db is the nominal bar diameter, and l is the length of the bar. 

Calculated average bond stress (u) and lateral drift plots are given in Figures 3.76 through 

3.87. Maximum average bond strengths attained by longitudinal bars of all specimens are 

normalized by dividing with 'cf  in Figure 3.88. As seen in the plot, '5.0 cf  MPa ( '6 cf  psi) 

and the bond stress implied by ACI 318-02 provide a lower bound for the measured bond 

strengths under cyclic loading. The average bond strength values given by ACI 318-02 are 
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obtained by calculating the required development length (ld) using ACI 318-02 equation 12-1 

and substituting the calculated values for ld and fy into equation 3-7 for l and fs, respectively.  
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 The maximum average bond strengths obtained from the column tests were later 

compared with results for beam tests with splices conducted by Heflin (1992) and beam tests 

results organized by Sozen and Moehle (1990) in Fig. 3.89. All test specimens represented in this 

plot had a clear cover to bar diameter ratio smaller than or equal to 2.5 (c/db≤2.5) with single or 

multiple #8 (25.4 mm) longitudinal bars and with or without stirrups (Table 3.4). Results for the 

beam and column tests also are compared by normalizing the experimental derived maximum 

bond stress with 'cf . The major differences between the column and beam tests include the 

cover and spacing, as well as the axial load and the applied displacement history. Prior beam 

tests were subjected to monotonic loading, whereas column specimens were subjected to cyclic 

loading. The arithmetic mean of average bond strengths obtained from 15 longitudinal bars in the  

6 column specimens is calculated as 0.95 'cf  (MPa) (11.5 'cf (psi)), whereas a mean of 

0.83 'cf  (MPa) (9.95 'cf  (psi)) is calculated for the monotonic beam tests. Figures 3.94 and 

3.95 compare results for the cyclic column and monotonic beam tests. Figure 3.94 plots the 

implied bond stress determined for each test specimen, whereas Figure 3.95 plots normalized 

bond stresses versus the minimum clear cover divided by the bar diameter (cmin/db). Although 

subjected to cyclic loading, column specimens reached similar normalized peak bond stresses as 

did the monotonic beam specimens; therefore, the results indicate cyclic loading may not 

influence the peak bond stress significantly. However, cyclic loading may still impact the rate of 

post-peak strength deterioration. Comparison of average bond strengths measured from three 

column specimens with the same shear level but different axial loading (S10MI, S20MI and 

S30MI) indicates a slight increase of maximum average bond strength with increased axial 

loading: 0.99 'cf  (MPa) (11.98 'cf  (psi)), 1.01 'cf  (MPa) (12.17 'cf  (psi)), and 1.07 'cf  

(MPa) (12.92 'cf  (psi)) for specimens with 0.10Agf’c, 0.20Agf’c, 0.30Agf’c, respectively. The 



 31

rate of strength degradation after reaching peak load decreases moderately as the axial load 

increases from 0.10Agf’c to 0.30Agf’c (see Figures 3.88 – 3.90). 

 

3.5 SHEAR DISTORTION 

 

Shear distortion over the column height was measured using linear voltage transducers. As 

mentioned in Chapter 2, two different layouts of instrumentation were used to measure shear 

deformations on the column face. The shear demand on the section was calculated by using 

equation 3.3. 

The transducer layout for the first set of specimens S10MI, S20MI, and S30MI (Fig. 

2.22) consists of diagonal, longitudinal, and horizontal linear transducers. Shear distortion is 

calculated using measured horizontal (∆H), longitudinal (∆L), and diagonal (∆D) deformations as: 

   ( ) ( )
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−∆+−∆+= 22γ     (3-8) 

where b, h and d stand for horizontal, longitudinal, and diagonal dimensions of the potentiometer 

grid, respectively (Fig. 3.96). There are two levels of diagonal transducers placed along splice 

length. Total shear distortion over the lap splice length was calculated by summing the shear 

distortions measured by these two sets of transducers. 

 Two diagonal wire potentiometers were utilized for a second set of specimens. This 

layout for measuring shear deformations reduced the number of potentiometers and increased the 

magnitudes of the measured displacements due to the larger gauge lengths. For this case, the 

shear distortion was calculated as: 
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where ∆D1 and ∆D2 are the diagonal deformations measured by the diagonal wire potentiometers 

(Fig. 3.100). 

The measured shear distortions are presented in Figures 3.97 through 3.103. The nominal 

shear strength (Vn) and the nominal shear strength provided by concrete (Vc) are calculated for 

each specimen and are also presented with shear distortion plots. Measured shear force versus 

shear strain relationship is linear until the lateral strength starts to degrade. The increase in shear 
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distortions after the initiation of lateral strength decay is attributed to the longitudinal cracking 

along the splice length due to bond deterioration (Fig. 3.96, Fig. 3.100), as diagonal shear cracks 

observed during the experiments were generally small compared with longitudinal cracks.  

Additional comparisons are made for specimens with the same axial load and 

displacement history to assess shear strength degradation The variation in strength degradation 

between specimens S20MI-S20HI and S30MI-S30XI can be attributed to increased shear 

deformations, as all other parameters are held constant. Shear strength degradation rates of 

S20MI and S20HI were similar, i.e., at 2%, lateral drift, 68% and 62% of the peak lateral load 

were maintained, respectively, and at 3% drift, 44% of the peak lateral loads were maintained for 

both specimens.  Slightly different shear strength degradations were noted between specimens 

S30MI and S30XI, where 73% and 64% of the peak lateral load was maintained at 2% drift, 

respectively, and only 45% and 38% of the peak lateral load was maintained at 3% drift. 

 Transverse reinforcement strain gauges were placed on stirrups 102, 406, and 711 mm 

above column base. Strain gauge histories of these gauges are presented in the Appendix. 

Transverse reinforcement histories indicate that strain on some of the stirrups increased 

significantly during testing. Strain on stirrups continued to increase even after lateral strength 

degradation started, and reached yield for some gauges at latter stages of the experiment. Sudden 

increases generally correspond to bucking of vertical bars, whereas sudden drops correspond to 

opening of hoops due to the loss of cover and the use of 90° hoop bends.  
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4 Summary and Conclusions 

4.1 SUMMARY 

 

Older reinforced concrete columns have design deficiencies such as short compression lap 

splices and widely spaced ties. Knowledge of the behavior of these “nonductile” columns under 

earthquake loads is necessary to develop efficient and reliable rehabilitation measures; however, 

existing data for full-scale columns tested are very limited. A research program that included 

conducting tests on six full-scale column specimens under a variety of conditions was designed 

to address this shortcoming. The influence of variables such as the level of axial load, the ratio of 

moment to shear, and the load history on column behavior are investigated.   

The column test specimens were subjected to constant axial loading levels during testing 

of either 0.10, 0.20, and 0.30Agf’c. A single lateral load was applied at the top of each specimen 

to generate shear and bending moment within the cantilever column specimens. The height of the 

applied lateral load was varied to produce various ratios of shear demand (shear at expected 

failure divided by the shear capacity of 0.67 to 0.93) to moment strength. The influence of 

loading history on specimen response was studied by using two applied displacement histories, 

referred to as “standard” and “near-field.”  

Results of the tests were compared to assess the influence of the test variables on column 

behavior.  

 

4.2 CONCLUSIONS 

 

Specimens with 20db lap splice length and a poorly confined cross section behaved 

unsatisfactorily under cyclic lateral loading. Degradation in lateral strength initiated prior to 

reinforcement yield in all specimens, typically at lateral drift ratios of 1.0% to 1.5%. Lateral 

strength degradation resulted from bond deterioration between reinforcement bars and the 
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surrounding concrete, and the rate of degradation was dependent on the level of axial loading, 

the level of the applied shear, as well as the loading history. 

Changes in shear strength ratios Vmax/Vn between 0.67 and 0.93 did not appear to 

influence the lateral load at which bond deterioration initiated; however the lateral strength 

degradation rate was increased slightly with increasing shear level.  

Plots of normalized moment (M/My) for specimens tested with 0.10, 0.20, and 0.30Agf’c 

and low shear level indicated that variation in the axial load had only a marginal impact on the 

lateral load at which bond deterioration initiated. As well, degradation of the lateral strength was 

similar. The axial load level did impact the normalized column energy-dissipation capacity, 

which decreased as the axial load level increased.  

Significantly less strength degradation was noted for the specimen subjected to the near-

fault displacement history. At 2% and 5% lateral drift, the specimen subjected to the near-fault 

displacement history maintained 89% and 63% of peak lateral force applied, compared with 

average values of 73% (73/89 = 82%) and 36% (36/63 = 57%) for specimens subjected to the 

standard displacement history displayed.  

Specimens with low axial load were able to maintain the axial load-carrying capacity to 

very high drift ratios, typically about 10% of the column height. Columns with medium and high 

axial load levels lost the axial load-carrying capacity during the cycles to 7% and 5% lateral 

drift, respectively. Specimens with low axial load maintained a residual axial load capacity of 

approximately 20% the peak axial load capacity. The lack of axial load failures until very high 

interstory drift ratios indicates that splice failures at interior connections may not create a 

collapse hazard.  

 Investigation of moment-rotation responses of the specimens indicated that rotation 

caused by slippage of longitudinal bars accounted for a significant portion of the total rotation. 

After bond deterioration initiated, rotational response was mainly controlled by slip. 

Average bond strengths along the spliced bars were computed using data from strain 

gauges. The implied bond strengths for Equation (12-3) in ACI 318-02 provided a lower-bound 

estimate to the peak bond strengths derived from the test data; however, deterioration of bond 

strength (slip) resulted in fairly rapid loss of column lateral load capacity.   
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Measured shear deformations were quite small for the specimens tested.  Although shear 

demand was increased up to 93% of the shear capacity for specimen S30XI, specimen responses 

were dominated by the lateral strength loss due to bond deterioration.  
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Fig. 1.1 - Splice Damage: Northridge Earthquake 

 

Figure 1.2 - Anchorage and Splice Damage 

                                 
 (a) One-Story Parking Structure    (b) 8-Story Parking Structure 

                    
(a) Connection region— Gölcük, Turkey         (b) 12-Story Building— Nantou 
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Figure 1.3 - Comparison of Test Results (Aboutaha et al., 1996) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.4 – Lateral Load – Top Displacement Relations (Chai et al., 1991) 
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Figure 1.5 - Reinforcement Details  

 

Figure 1.6 - Comparison of Test Results (Valluvan et al., 1993)
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Figure 1.7 - Comparison of Test Results (Coffman et al., 1996) 
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Figure 1.8 - Test Setup (Lynn et al., 1996) 

 
 
Table 1.1  Test Matrix (Lynn et al., 1996) 

Specimen Longitudinal 
Reinforcement 

Axial Load
Applied Ties Hoop Spacing

(mm; in) 
Splice Length

(db) 
3CLH18 8 - #10 0.12Agf′c Hoop 457.2 (18) no splice 
2CLH18 8 - #8 0.12Agf′c Hoop 457.2 (18) no splice 
3SLH18 8 - #10 0.12Agf′c Hoop 457.2 (18) 25 
2SLH18 8 - #8 0.12Agf′c Hoop 457.2 (18) 20 
2CMH18 8 - #8 0.35Agf′c Hoop 457.2 (18) no splice 
3CMH18 8 - #10 0.35Agf′c Hoop 457.2 (18) no splice 
3CMD12 8 - #10 0.35Agf′c Diamond 304.8 (12) no splice 
3SMD12 8 - #10 0.35Agf′c Diamond 304.8 (12) 25 
 

 

 

Axial Load

C
ol

um
n 

Lateral Load
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Figure 1.9 - Lateral Load-Top Displacement Relations (Lynn et al., 1996) 
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762 mm; 2' 6"

457.2 mm

457.2 mm; 18"

457.2 mm

457.2 mm; 18"

Section A-A

Section B-B

508 mm; 20"

2 006.6 mm; 6' 7"

B

A

B

A

304.8 mm; 12"

101.6 mm; 4"

 

 

Figure 2.1 - Reinforcing Details 
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Table 2.1  Test Matrix 

Specimen 
Axial Load 

(%Agf’c) 

Splice 

Length requireds

provideds

l
l

_

_
 

Shear 

(Vu@ Mn)/Vn
Column Height 

Load 

History 

S10MI 10 20db 0.65 0.67 1828.8 mm; 6’ 0” Standard 

S20MI 20 20db 0.65 0.70 1828.8 mm; 6’ 0” Standard 

S30MI 30 20db 0.65 0.78 1828.8 mm; 6’ 0” Standard 

S20HI 20 20db 0.64 0.81 1676.4 mm; 5’ 6” Standard 

S20HIN 20 20db 0.64 0.81 1676.4 mm; 5’ 6” Near Fault

S30XI 30 20db 0.64 0.93 1524.0 mm; 5’ 0” Standard 

 

 

Table 2.2  Calculated Shear Strengths 
Specimen Vc (kN; kips) Vs (kN; kips) Vn (kN; kips) 

S10MI 211.8; 47.6 88.8; 20.0 300.6; 67.6 

S20MI 244.9; 55.1 88.8; 20.0 333.7; 75.0 

S30MI 278.0; 62.5 88.8; 20.0 366.8; 82.5 

S20HI 241.9; 54.4 88.8; 20.0 330.7; 74.3 

S20HIN 241.9; 54.4 88.8; 20.0 330.7; 74.3 

S30XI 274.5; 61.7 88.8; 20.0 363.3; 81.7 

 
 
Table 2.3  Concrete Mix Design 

Material Batch Weights 
(kg; lbs) 

 Specific Gravity
(gr/cm3; lbs/ft3) Absolute Volume 

Cement – Type II 255.8; 564 6.00 sacks 3.15; 196.56 2.87 
W. C. Sand 643.2; 1418 45.0% 2.66; 165.98 8.54 
Gravel 3/8” 213.2; 470 15.0% 2.65; 165.36 2.84 
Gravel 1” 576.1; 1270 40.1% 2.67; 166.61 7.62 

Water (Maximum) 137.5; 303.2 36.4 gals 1.00; 62.4 4.86 
Daratard 17 0.48; 1.1    

1% Entrapped Air    0.27 
Total 1825.8; 4025.2   27.0 

Method: Los Angeles City Building Code Section 1905.3.3.2/RGA 2-90 
Water/Cement Ratio: 6.1 gals/sack (0.54) 
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Table 2.4  Aggregate Gradation (with Vulcan materials, San Gabriel Valley (Reliance) 
Aggregates) 

Aggregates 
2’’ 1½’’ 1’’ ¾’’ ½’’ 3/8” #4 #8 #16 #30 #50 #100 #200

W.C. Sand      100 96 81 62 41 18 6 2 
3/8” Aggr.     100 92 10 4 2 0 0 0 0 
1” Aggr.  100 96 69 30 10 3 0 0 0 0 0 0 

              
Combined 100 100 98 88 72 63 46 37 28 18 8 3 1 

 
 
Table 2.5  Concrete Properties 

Specimen f’c (psi; MPa) fct (psi; MPa) fr (psi; MPa) 

S10MI-S20MI-S30MI 5255 (36) 491 (3.4) 544 (3.8) 

S20HI-S20HIN-S30HI 5125 (35) - 537 (3.7) 

 
 
 
Table 2.6  Reinforcement Bar Properties 

Description Bar Size Yield Stress 
(ksi; MPa) 

Tensile Strength  
(ksi; MPa) 

Column Longitudinal Bars # 8 (25.4 mm) 74.0 (510) 118.6 (818) 
Starter Bars & Pedestal (1st set) # 8 (25.4 mm) 75.6 (521) 108.1 (746) 
Starter Bars & Pedestal (2nd set) # 8 (25.4 mm) 73.5 (507) 117.1 (807) 
Transverse Reinforcement # 3 (9.53 mm) 69.7 (481) 108.7 (750) 
 
 
 

 

 

Figure 2.2 - Standard Concrete Compressive Test 
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Figure 2.3 - Stress-Strain Diagram for Specimens: S10MI, S20MI, and S30MI 

 
Figure 2.4 - Stress-Strain Diagram for Specimens: S20HI, S20HIN, and S30XI
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Figure 2.5 - Pedestal Reinforcement Details 
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Figure 2.6 - Reinforcement Cage 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 - Reinforcement Cages before Placing Concrete 
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Figure 2.8-  Column Cross Section 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.9-  Splice Region 
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Figure 2.10 - Specimen 

 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.11 - Joint Close-up 
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Figure 2.12 - Test Setup 

6'

2'-6"

8'

2'

8'

6' 18"

2'-6"

6'

1'-6"

0.5"

10"

6'1' 1'

8'

 

∅1¾“ Grade 160 
Dywidag Rod 

MC 18x51.9 A572 Steel Beam 

200 kips 
Hydraulic Ram

125 kips 
Actuator 

Strong Floor 

Tie Downs 

1 in = 25.4 mm 



 54

 

Figure 2.13 - Test Setup with Reaction Frame  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.14 - Test Setup during Experiment  
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Figure 2.15 - Actuator Control Schematic 
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Figure 2.16 - Strain Gauge Layout 
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Figure 2.17 - Strain Gauge Labeling Scheme
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Figure 2.18 - External Instrumentation Grid (S10MI, S20MI, S30MI) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.19 - Transducers Used to Measure Total and Slip Rotation at Column Base (S10MI, 

S20MI, S30MI) 
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Figure 2.20 - External Instrumentation (S20HI, S20HIN, S30XI) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.21 - Shear Instrumentation (S20HI, S20HIN, S30XI)
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Figure 2.22 - External Instrumentation Layout (S10MI, S20MI, S30MI) 
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Figure 2.23 - External Instrumentation Layout (S20HI, S20HIN, S30XI) 
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Table 2.7  Potentiometer Coordinates 

  S10MI S20MI S30MI S20HI S20HIN S30XI 
  x (in.) y (in.) x (in.) y (in.) x (in.) y (in.) x (in.) y (in.) x (in.) y (in.) x (in.) y (in.) 

A 1 5.00 2.00 5.00 1.88 4.00 2.00 5.00 0.00 4.50 -0.38 5.00 -0.56 
 2 13.00 2.00 12.81 1.88 12.63 2.00 13.00 0.00 13.50 -0.38 13.00 -0.56 
 3 5.00 1.00 5.19 1.13 5.00 1.25 5.00 0.00 5.63 0.00 5.00 0.00 
 4 13.00 1.00 13.00 1.13 13.00 1.25 13.00 0.00 12.75 0.00 13.00 0.00 

B 1 5.00 10.50 5.06 11.38 4.13 11.25 5.00 10.88 4.94 11.00 5.00 11.13 
 2 12.75 10.50 12.69 11.25 12.38 11.25 13.00 11.00 12.88 10.94 13.06 11.00 
 3 5.00 13.00 5.25 12.94 5.00 12.75 5.13 10.94 - - 5.00 10.88 
 4 13.00 13.00 13.06 12.81 13.00 12.75 13.00 11.06 - - 13.13 11.00 

C 1 4.75 19.25 5.13 20.50 4.50 20.00 5.25 19.88 4.94 20.06 5.00 20.19 
 2 13.25 19.50 12.50 20.50 12.13 19.75 13.00 19.88 12.88 19.88 13.00 20.06 
 3 - - - - - - 5.06 19.94 5.00 19.97 5.06 19.94 
 4 - - - - - - 13.06 20.00 13.25 19.94 13.06 20.00 

D 1 4.94 31.50 5.44 31.89 5.00 32.00 5.00 31.75 4.81 32.00 5.13 32.19 
 2 13.19 31.50 12.25 32.50 12.50 31.88 13.00 31.88 12.81 31.81 13.19 32.06 
 3 - - - - - - 4.88 31.75 - - 5.00 32.13 
 4 - - - - - - 13.00 31.69 - - 12.94 31.94 

E 1 4.50 43.00 5.50 43.75 4.63 44.13 5.00 43.75 4.75 43.94 5.13 44.19 
 2 13.00 43.00 12.44 43.63 12.63 43.88 13.00 43.88 12.75 43.81 13.19 44.06 
 3 - - - - - - 4.88 44.25 4.94 43.97 4.94 43.94 
 4 - - - - - - 13.00 43.88 12.81 43.94 13.03 44.00 

F 1 4.75 55.25 5.44 54.94 4.88 55.88 5.00 55.81 4.88 56.06 5.00 56.19 
 2 13.25 55.00 12.50 55.38 12.50 56.13 13.00 55.94 12.81 55.94 13.00 56.06 
 3 - - - - - - 5.06 55.88 - - - - 
 4 - - - - - - 12.94 55.88 - - - - 

G 1 5.00 66.25 5.69 66.44 4.63 67.38 - - - - - - 
 2 13.00 66.50 12.50 66.88 12.50 67.38 - - - - - - 

1 in. = 25.4 mm
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Figure 2.24 - Test Specimen with Cable-Extension Position Transducers 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.25 -  Data Acquisition Device and MTS 407 Controller 
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Figure 2.26 - Data Acquisition Schematic 
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Figure 2.27 - Strain Gauge Amplifier 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.28 - Data Logger Program Window 
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Figure 2.29 - Standard Displacement History 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.30 - Near-Fault Displacement History 
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Table 2.8  Data Point Numbers (S10MI, S20MI, S30MI, S20HI, S30XI) 
Lateral Drift (%) 1st Cycle 2nd Cycle 3rd Cycle 

-0.10 9 41 73 
0.10 25 57 89 
-0.25 105 137 169 
0.25 121 153 185 
-0.50 201 233 265 
0.50 217 249 281 
-0.75 297 329 361 
0.75 313 345 377 
-1.00 393 425 457 
1.00 409 441 473 
-1.50 489 521 553 
1.50 505 537 569 
-2.00 585 617 649 
2.00 601 633 665 
-3.00 681 713 745 
3.00 697 729 761 
-5.00 777 809 841 
5.00 793 825 857 
-7.00 873 905 937 
7.00 889 921 953 

-10.00 969 1001 1033 
10.00 985 1017 1049 

 
 

Table 2.9  Data Point Numbers (S20HIN) 
Lateral Drift (%) 1st Cycle 2nd Cycle 3rd Cycle 

-0.10 9 41 73 
0.10 25 57 89 
-0.25 105 137 169 
0.25 121 153 185 
-0.50 201 233 265 
0.50 217 249 281 
-1.00 297 329 361 
1.00 313 345 377 
-1.50 393 - - 
1.50 409 - - 
2.00 412 - - 
3.00 417 - - 
4.50 425 - - 
6.00 432 - - 
7.50 440 - - 
9.00 447 - - 
12.00 460 - - 
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Table 3.1  Test Results Summary 

Specimen 
Maximum Lateral 

Load (kN) 

Maximum Lateral 

Load Reached at 
Type of Failure 

Applied Axial 

Load (kN) 

S10MI 202.7 1.50% Drift Bond Det. 534 

S20MI 233.5 1.28% Drift Bond Det. 1068 

S30MI 285.3 1.45% Drift Bond Det. 1601 

S20HI 269.5 1.33% Drift Bond Det. 1068 

S20HIN 267.4 1.00% Drift Bond Det. 1068 

S30XI 340.7 1.50% Drift Bond Det. 1601 

 

 

Table 3.2  Observed Damage 
Flexural Cracking Longitudinal Cracking Shear Cracking Concrete Crushing 

Specimen 
Data Point 

Lateral 

Load (kN) 
Data Point 

Lateral 

Load (kN) 
Data Point 

Lateral 

Load (kN) 
Data Point 

Lateral 

Load (kN) 

S10MI 152 83 361 155 306 38 562 44 

S20MI 105 103 297 182 313 210 489 204 

S30MI 217 157 489 264 297 235 489 264 

S20HI 103 107 313 227 297 231 537 210 

S20HIN 105 118 297 262 297 262 404 260 

S30XI 137 115 297 263 313 301 489 310 

 

 

Table 3.3  Axial Load Capacity Loss 
Applied Axial Load Axial Capacity Lost at 

Specimen 
 (kN) Drift (%) DPN 

S10MI 0.10Agf’c 534 - - 

S20MI 0.20Agf’c 1068 7 (third cycle) 929 

S30MI 0.30Agf’c 1601 5 (second cycle) 814 

S20HI 0.20Agf’c 1068 7 (second cycle) 947 

S20HIN 0.20Agf’c 1068 - - 

S30XI 0.30Agf’c 1601 5 (first cycle) 800 
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Figure 3.1 - Longitudinal Cracks Indicating 
Bond Deterioration (S20HI at 1.5% Drift) 
(Left) 

Figure 3.2 - Longitudinal and Shear Cracking 
(S20HIN at 5.8% Drift) (Right) 

 

Figure 3.3 - Concrete Spalling (S30XI at 3% Drift) 
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Figure 3.4  -Specimen S20MI at 0.50% Lateral Drift 

  
Figure 3.5 - Specimen S20MI at 1.0% Drift 
(Left) 
 

Figure 3.6 - Specimen S20MI at 1.5% Drift 
(Right) 
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Figure 3.7 - Specimen S20MI at 2.0% Lateral Drift 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.8 - Specimen S20MI at 3.0% Lateral Drift 
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Figure 3.9 - Specimen S20MI at 5.0% Lateral Drift 

 
 

 
Figure 3.10 - Specimen S20MI at 7.0% Lateral Drift 
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Figure 3.11 - Column Free-Body Diagram 
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Figure 3.12 - Lateral Drift-Top Rotation 
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Figure 3.13 - Lateral Drift-Axial Load 
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Figure 3.14 - Specimen S10MI at 10% Lateral Drift—Axial Load Capacity Maintained 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.15 - Specimen S20MI at 7% Lateral Drift after Axial Load Capacity Lost 
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Figure 3.16 - Specimen S30MI at 5% Lateral Drift after Axial Load Capacity Lost 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 - Specimen S20HI at 7% Lateral Drift after Axial Load Capacity Lost 
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Figure 3.18 - Specimen S20HIN at 12% Lateral Drift—Axial Load Capacity Maintained  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.19 - Specimen S30XI at 5% Lateral Drift after Axial Load Capacity Lost 
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Figure 3.20-  Top Displacement due to Pedestal Rotation 
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Figure 3.21 - Top Displacement due to Pedestal Rotation 
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Figure 3.22 - Top Displacement due to Pedestal Movement 
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Figure 3.23 - Top Displacement due to Pedestal Movement 
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Figure 3.24 - Modified Lateral Displacement Histories 
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Figure 3.25 - Modified Lateral Displacement Histories 
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Figure 3.26 - Specimen S10MI Lateral Load-Top Displacement  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.27 - Specimen S20MI Lateral Load-Top Displacement 
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Figure 3.28 - Specimen S30MI Lateral Load-Top Displacement 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.29 - Specimen S20HI Lateral Load-Top Displacement 
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Figure 3.30 - Specimen S20HIN Lateral Load-Top Displacement 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 3.31 - Specimen S30XI Lateral Load-Top Displacement 
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Table 3.4  Moment Capacities 

Specimen 

Maximum 

Lateral Load 

(kN) 

Normalized* 

Lateral Load 

(kN) 

Analytical 

Yield Moment 

My (kN-m) 

Max Base 

Moment Mu 

(kN-m) 

Mu/My

S10MI 202.7 202.7 381.3 370.7 0.97 

S20MI 233.5 233.5 450.4 427.0 0.95 

S30MI 285.3 285.3 509.0 521.8 1.03 

S20HI 269.5 247.0 441.5 451.8 1.02 

S20HIN 267.4 245.1 441.5 448.3 1.02 

S30XI 340.7 283.9 499.5 519.2 1.04 

* Normalized ( MIScolumnmeasurednormalized hhFF 10⋅= ) 
 
 

 
Figure 3.32  - Base Moment/Yield Moment Comparison of S10MI, S20MI, and S30MI  
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Figure 3.33 - Base Moment/Yield Moment Comparison of S20MI, S20HI, and S20HIN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.34 - Base Moment/Yield Moment Comparison of S30MI and S30XI  
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Figure 3.35  Measured Secant Stiffness— S10MI 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.36 - Measured Secant Stiffness—S20MI 
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Figure 3.37 - Measured Secant Stiffness— S30MI 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.38-  Measured Secant Stiffness— S20HI 
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Figure 3.39-  Measured Secant Stiffness— S20HIN 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.40 - Measured Secant Stiffness— S30XI 
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Figure 3.41 - Actual and Elastic-Perfectly-Plastic Load-Displacement Responses 
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Figure 3.42-  Total Energy Dissipated by Actual and EPP Columns
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Figure 3.43 - Normalized Energy Dissipation 
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Figure 3.44 - S10MI Base Moment – Total Rotation along Lap-splice Length  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.45 – S20MI Base Moment – Total Rotation along Lap-splice Length 
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Figure 3.46 – S30MI Base Moment – Total Rotation along Lap-splice Length 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.47  S20HI Base Moment—Total Rotation along Lap-splice Length 
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Figure 3.48 - S20HIN Base Moment – Total Rotation along Lap-splice Length 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.49 S30XI Base Moment—Total Rotation along Lap-splice Length 
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Figure 3.50 – S10MI Base Moment – Slip Rotation along Lap-splice Length  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.51  S20MI Base Moment—Slip Rotation along Lap-splice Length 

-0.08 -0.04 0 0.04 0.08
Rotation (rad.)

-600

-400

-200

0

200

400

600

B
as

e 
M

om
en

t (
kN

-m
)

-4000

-2000

0

2000

4000

B
as

e 
M

om
en

t (
ki

p-
in

)

-0.08 -0.04 0 0.04 0.08
Rotation (rad.)

-600

-400

-200

0

200

400

600

B
as

e 
M

om
en

t (
kN

-m
)

-4000

-2000

0

2000

4000

B
as

e 
M

om
en

t (
ki

p-
in

)

 



 99

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.52 – S30MI Base Moment – Slip Rotation along Lap-splice Length  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.53 S20HI Base Moment—Slip Rotation along Lap-splice Length 
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Figure 3.54 - S20HIN Base Moment – Slip Rotation along Lap-splice Length  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.55 – S30XI Base Moment—Slip Rotation along Lap-splice Length 
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Figure 3.56 – S10MI Moment-Rotation Envelopes  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.57 – S20MI Moment-Rotation Envelopes 
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Figure 3.58 – S30MI Moment-Rotation Envelopes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.59 – S20HI Moment-Rotation Envelopes 
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Figure 3.60 – S20HIN Moment-Rotation Envelopes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

Figure 3.61 – S30XI Moment-Rotation Envelopes 
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Figure 3.62 - Expected Strain Distribution along Splice Length 
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Figure 3.63  – S10MI Strain Distribution along Splice Length—Exterior (NW) Bar 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.64  – S10MI Strain Distribution along Splice Length—Interior (W) Bar 
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Figure 3.65 – S20MI Strain Distribution along Splice Length—Exterior (NW) Bar 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.66  – S20MI Strain Distribution along Splice Length—Interior (W) Bar 
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Figure 3.67 – S30MI Strain Distribution along Splice Length—Exterior (NW) Bar 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.68  – S30MI Strain Distribution along Splice Length—Interior (W) Bar 
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Figure 3.69 – S20HI Strain Bar Distribution along Splice Length—Exterior (NE) Bar 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.70  – S20HI Strain Distribution along Splice Length—Interior (W) Bar
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Figure 3.71 – S20HIN Strain Distribution along Splice Length—Exterior (NW) Bar 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.72  – S20HIN Strain Distribution along Splice Length—Interior (W) Bar 
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Figure 3.73 – S30XI Strain Distribution along Splice Length—Exterior (NW) Bar  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 3.74 – S30XI Strain Distribution along Splice Length—Interior (W) Bar  
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Figure 3.75  – Bilinear Steel Stress-Strain Model  
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Figure 3.76 - S10MI Bond Stress — Lateral Drift (Bar NW) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.77 - S10MI Bond Stress—Lateral Drift (Bar W)
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Figure 3.78 - S20MI Bond Stress—Lateral Drift (Bar NW) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.79 - S20MI Bond Stress—Lateral Drift (Bar W) 
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Figure 3.80 - S30MI Bond Stress—Lateral Drift (Bar NW) 

Figure 3.81 - S30MI Bond Stress—Lateral Drift (Bar W) 
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Figure 3.82 - S20HI Bond Stress—Lateral Drift (Bar NE)  

 

Figure 3.83 - S20HI Bond Stress—Lateral Drift (Bar W)
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Figure 3.84 - S20HIN Bond Stress – Lateral Drift (Bar NW) 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.85 - S20HIN Bond Stress—Lateral Drift (Bar W)

-50 0 50 100 150 200
Lateral Displacement (mm)

-800

-400

0

400

800

1200

B
on

d 
St

re
ss

 (p
si

)

-2 0 2 4 6 8 10
Lateral Drift (%)

-4

-2

0

2

4

6

8
B

on
d 

St
re

ss
 (M

Pa
)

6e f'c

ACI 318-02
ACI 318-02 / 1.3

-50 0 50 100 150 200
Lateral Displacement (mm)

-800

-400

0

400

800

1200

B
on

d 
St

re
ss

 (p
si

)

-2 0 2 4 6 8 10
Lateral Drift (%)

-4

-2

0

2

4

6

8

B
on

d 
St

re
ss

 (M
Pa

)

6e f'c

ACI 318-02
ACI 318-02 / 1.3



 117

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.86 – S30XI Bond Stress – Lateral Drift (Bar NW) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.87 – S30XI Bond Stress—Lateral Drift (Bar W)
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Figure 3.88 – S10MI Normalized Average Bond Stress – Lateral Drift 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.89 – S20MI Normalized Average Bond Stress—Lateral Drift 
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Figure 3.90 – S30MI Normalized Average Bond Stress – Lateral Drift  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.91 – S20HI Normalized Average Bond Stress—Lateral Drift 
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Figure 3.92 – S20HIN Normalized Average Bond Stress – Lateral Drift 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.93 – S30XI Normalized Average Bond Stress—Lateral Drift  

-200 -160 -120 -80 -40 0 40

Lateral Displacement (mm)

-16

-8

0

8

16
u/

√f
c'

-12 -10 -8 -6 -4 -2 0 2 4
Lateral Drift (%)

u/√fc'=6

ACI 318-02
ACI 318-02 / 1.3

Exterior Bar (NW)
Interior Bar (W)
Exterior Bar (NE)

-60 -40 -20 0 20 40 60

Lateral Displacement (mm)

-16

-8

0

8

16

u/
√f

c'

-4 -2 0 2 4
Lateral Drift (%)

u/√fc'=6

ACI 318-02
ACI 318-02 / 1.3

Exterior Bar (NW)
Interior Bar (W)



 121

Table 3.5  Beam Tests Results (Sozen and Moehle (1990)) 
Experiment TEST ID cmin/db fc` (Mpa) u (Mpa) 'cfu  

Ferguson et al. 8F30b 1.50 18.00 3.26 0.77 
(1965) 8F36c 1.47 18.89 2.91 0.67 

 8R18a 1.75 23.92 4.14 0.85 
  8R24a 1.67 24.34 4.24 0.86 
  8F30a 1.53 20.89 3.02 0.66 
  8F36b 1.40 25.99 2.94 0.58 
  8F42a 1.56 22.82 2.90 0.61 
  8R48a 1.48 20.96 2.61 0.57 
  8F36k 1.38 23.86 2.54 0.52 

Thompson et al. 8.15.4 2.00 24.20 6.22 1.26 
(1975) 8.18.4/3/2.6/6 2.00 32.47 5.54 0.97 

  8.18.4/3/2.5/6 2.50 20.13 4.34 0.97 
  8.24.4/2/2.6/6 2.00 21.41 3.84 0.83 

Heflin 8-2-6A 2.00 46.16 6.56 0.97 
(1992) 8-2-6B 2.00 48.95 5.79 0.83 

 8-2-4A 2.00 41.37 5.93 0.92 
 8-2-4B 2.00 37.92 5.35 0.87 
 8-2-3A 1.50 43.44 5.98 0.91 
 8-2-3B 1.50 44.68 5.55 0.83 
 8-2-2A 1.00 44.92 5.27 0.79 
 8-2-2B 1.00 42.78 5.33 0.81 
 8-2.5-3A 1.50 39.13 6.09 0.97 
 8-2.5-3B 1.50 47.61 6.23 0.90 
 8-2-1A 0.50 43.95 4.92 0.74 
 8-2-1B 0.50 47.50 4.66 0.68 

Mathey  8-7-1 1.50 27.61 7.05 1.34 
 (1961) 8-14-1 1.50 24.72 4.12 0.83 

  8-14-2 1.50 27.96 5.24 0.99 
  8-21-1 1.50 29.20 5.08 0.94 
  8-21-2 1.50 24.10 4.38 0.89 
  8-28-1 1.50 30.92 4.76 0.86 
  8-28-2 1.50 25.51 4.43 0.88 
  8-34-2 1.50 25.96 4.56 0.89 

Jeanty B2 1.50 26.82 2.41 0.46 
 (1988) B4 1.50 29.23 2.68 0.49 
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Figure 3.94 – 'cfu  Comparison of Cyclic Column and Monotonic Beam Tests 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.95 – Normalized Bond Stress vs. cmin/db 
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Figure 3.96 – Shear Deformation Measurement (S10MI, S20MI, and S30MI) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.97 – S10MI Shear Deformation along Splice Length (20db)
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Figure 3.98 – S20MI Shear Deformation along Splice Length (20db) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.99 – S30MI Shear Deformation along Splice Length (20db)
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d1, d2 = undeformed dimensions of two wire potentiometers 

d1′, d2′ = deformed dimensions of two wire potentiometers 

h = height of ‘X’ configuration 

l = length of ‘X’ configuration 

 

 
 
 
 
 

Figure 3.100 - Shear Deformation Measurement (S20HI, S20HIN, and S30XI) 
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Figure 3.101 - S20HI Shear Deformation along Splice Length (20db) 
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Figure 3.102 - S20HIN Shear Deformation along Splice Length (20db) 
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Figure 3.103 - S30XI Shear Deformation along Splice Length (20db) 
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Appendix:  Strain Histories  
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S10MI Longitudinal Steel Strain Histories 
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