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Abstract 

 

Retrofit of Deficient Lap Splice with Post-Installed Anchors 

 

Katelyn Sean Beiter, M.S.E 

The University of Texas at Austin, 2015 

 

Supervisor:  Oguzhan Bayrak 

 

As concrete infrastructure ages or is re-purposed, there is an increasing need for 

efficient retrofit solutions, with deficient lap splices being one of many research areas. A 

possible method to increase the capacity of deficient lap splices is to use post-installed 

undercut anchors. These anchors function as active confinement in the splice region, 

potentially allowing members with inadequate lap splice lengths to reach the required 

design capacity. The solution presented in this thesis requires access to only one face of 

the reinforced concrete specimen, which could facilitate implementation on existing 

structures. However, limited research has been done on the use of post-installed anchors 

as a retrofit strategy for lap splices, and previous research on the retrofit of deficient lap 

splices has focused primarily on the use of either carbon fiber or metal jackets.  

To evaluate the capabilities of this retrofit solution, four large-scale tests on beam 

specimens have been completed at The University of Texas at Austin. The first specimen 

tested contained the full lap splice length as required by ACI 318-71 provisions, while in 

the other three, only half of that lap splice length was provided. The specimen with the 

full lap splice length was tested as a control specimen and one of the specimens with half 
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the lap splice length was tested without a retrofit to determine baseline behavior. These 

tests formed the basis to evaluate the effectiveness of the retrofit techniques implemented 

on the other two specimens. Results from these tests indicated that post-installed anchors 

could enhance both the strength and ductility of members with deficient lap splices, but 

the enhanced members demonstrated limited ductility.  
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Chapter 1:  Introduction 

1.1 OVERVIEW 

“Retrofit” and “rehabilitation” are two words that have reached new importance 

with regard to infrastructure. As buildings, bridges, and dams age, there is an increasing 

need to develop solutions that combat the degeneration present in that infrastructure. 

Rehabilitation helps to counteract the aging effect by repairing the select parts of the 

structure that have been damaged. Rehabilitation allows for old or out-of-use structures to 

be used once again with structural modifications. For some structures, the problem is not 

that they are no longer fit for their initial use but rather a different use is required of them. 

When a structure is to be used for a purpose that was not initially intended during design, 

the term “retrofit” becomes important. Retrofit allows for re-purposing of structures that 

eliminates the need to demolish the structure and build an entirely new structure in its 

place. Instead, retrofit techniques help to increase strength, ductility, serviceability, or a 

combination thereof for existing members to allow them to perform in the manner that is 

newly desired. By taking advantage of rehabilitation and retrofit techniques, structural 

engineers can provide a greener and more energy efficient practice. 

A particular area of importance in which research should focus is inadequate lap 

splices. Buildings that were built 30 to 40 years ago were designed to the requirements of 

older codes in which some provisions are often outdated and possibly un-conservative 

when compared to more modern practices. Structures that contain reinforced concrete 

members with deficient lap splices may be unable to reach the capacity which is required 

for their new use. Thus, there is a need for retrofit solutions to be developed to allow any 

such deficiencies to be corrected.  
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The development length equations in ACI 318-141 present the required 

development length needed to yield the reinforcement, depending on reinforcing bar size, 

yield strength of the reinforcement, compressive strength of concrete, and confining 

reinforcement. This development length is of particular importance at lap splices where 

two bars must be simultaneously developed. If adequate development length is not 

provided, then the member will not be able to reach the design capacity and a brittle 

failure could result. The development length can be reduced by the use of transverse 

confining reinforcement. However, there is a prescribed limit on how much steel 

confinement can be used to reduce the development length.  

Based on the research of Darwin, Lutz, and Zuo2, the upper limit of confinement 

presented in the ACI 318-141 equation can actually be increased to reduce the 

development length of the reinforcement, which is of particular importance for 

retrofitting existing structures with deficient lap splices. Much of the previous research 

that has been performed regarding increasing member capacities at lap splices has 

focused primarily on column connections rather than beam or slab connections3,4. 

Nevertheless, the existing literature does provide insight into which techniques have 

produced the most effective solutions. Post-installed confinement has been shown to 

strengthen existing columns with the help of steel jackets as in Aboutaha et al.3 and 

fiber-reinforced polymer as in Kim et al.4. The research performed by both groups has 

shown that post-installed confinement can strengthen existing members, and can repair 

damaged members. Kim et al.4 also showed the amount of anchors beyond a critical 

threshold did not provide an increase in capacity, but did allow the column connection to 

undergo greater deflections. 

Most of the research performed on beam and slab connections makes use of 

fiber-reinforced polymer (FRP) strips and anchors. However based on the research of 



 3 

column connections and previous research performed by Dondrea5, post-installed 

undercut anchors were evaluated to determine if they could increase the capacity of a 

member with deficient lap splices. The appeal of this technique is its ease of installation 

as compared to FRP, and it requires access to only one face of the specimen. The desired 

behavior of the members repaired with post-installed undercut anchors would be similar 

to the behavior of cast-in-place reinforcement, which confines the lap splice region once 

a crack has been initiated6, and mitigates a premature lap splice failure. 

1.2 RESEARCH SIGNIFICANCE  

The use of undercut anchors as post-installed confinement in deficient lap splices 

has the potential to allow for yielding of the spliced flexural reinforcement, which will 

allow for an increase in the capacity of the specimen as a whole. This technique is of 

particular importance in retrofitting existing structures that have deficient splices. A 

major benefit is that undercut anchors have an easy installation procedure, which requires 

access to only one face of a member. This retrofit technique allows for increased capacity 

of flexural members based on code requirements but has limitations on the amount of 

ductility that can be provided. 
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Chapter 2:  Experimental Procedure 

2.1 OVERVIEW 

To determine whether undercut anchors could be used to retrofit deficient lap 

splices, four full-scale specimens were fabricated and tested at the Ferguson Structural 

Engineering Laboratory at The University of Texas at Austin. The first of the four 

specimens, AR-0, was a control specimen which contained splices with a length equal to 

the development length, ld, based on ACI 318-717. The second specimen, AR-1, was a 

baseline specimen which contained exactly one-half the lap length of AR-0 to create a 

deficient lap splice. The third and fourth specimens, AR-2 and AR-3, contained the same 

half-length lap splice as AR-1 but also contained undercut anchor retrofits.  

The details of the specimens were taken from an existing structure that was 

designed according to ACI 318-71. It was decided during design of the test specimens to 

neglect the code specified 1.3 factor that is typically applied to ld for the lap splices1. 

Therefore, AR-0 has a lap length equal to 1.0 ld and the other three specimens contain 0.5 

ld. The reason for the control specimen and the base line specimen was to observe the 

difference in measured capacity and ductility between a specimen with the full lap splice 

length and a specimen with half the lap splice length. These results would serve as a 

means to compare the two retrofit designs and to determine how they compared 

experimentally rather than just by the capacity calculated per ACI 318-14. The same 

concrete mixture proportions were used for all four specimens and the reinforcement 

layout consisted of No. 11 longitudinal reinforcement and No. 5 transverse 

reinforcement. 

The retrofits for AR-2 and AR-3 were designed using the ACI 318-14 

development length provisions by making use of the confinement effect with undercut 

anchors providing the necessary confinement. The anchors provide active confinement in 
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the lap region through a pre-tensioning process8 that is done during the installation of the 

anchors, thus delaying and controlling crack propogation9. The active confinement 

potentially allows the specimens with shorter lap splice lengths to reach the same 

capacity as those with code-compliant lap splice lengths. ACI 318-14 requires a longer 

development length than the ACI 318-71: 19 percent longer for the specimens described 

in this thesis. 

The design capacities of the specimens were also calculated using the ACI 318-14 

code equations for flexure and shear. Both of these equations are intended to allow the 

reinforcement to develop yield stress. Therefore, a specimen that reached its design 

flexural capacity would confirm that a lap splice design in accordance with the ACI 

318-71 code allows the reinforcement to reach yield. The basic development length 

equations from both ACI 318-71 and ACI 318-14 are shown below: 

 

 𝑙𝑑 =
0.04𝐴𝑏𝑓𝑦

√𝑓′
𝑐

      ACI 318-71 (Eqn. 2-1) 

 𝑙𝑑 = (
3

40

𝑓𝑦

𝜆√𝑓′
𝑐

𝜓𝑠𝜓𝑒𝜓𝑡
𝑐𝑏+𝐾𝑡𝑟

𝑑𝑏

) 𝑑𝑏    ACI 318-14 (Eqn. 2-2) 

Where:  ld = development length of reinforcement (in.) 

Ab = area of reinforcing bar (in.2) 

fy = specified steel yield strength (psi) 

f’c = specified concrete compressive strength (psi) 

λ = modification factor for light weight concrete 

cb = smaller of distance from concrete surface to center of reinforcement and half   

center to center spacing of reinforcement (in.) 
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Ktr = transverse reinforcement index 

db = diameter of reinforcing bar (in.) 

ψe = modification factor based on reinforcement coating 

ψs = modification factor based on reinforcement size 

ψt = modification factor based on reinforcement location 

ACI 318-71 does not have an equation to reduce lap length based on the use of 

transverse reinforcement for confinement as ACI 318-14 does. ACI 318-71 only 

references spiral reinforcement, which is not applicable for the specimens in this study. 

 

2.2 SPECIMEN AND MATERIAL PROPERTIES 

All specimens were 332 in. (8,433 mm) long with a width of 36 in. (914 mm) and 

had a depth of 24 in. (610 mm). The design parameters used for the design of the lap 

splice lengths within the specimens was 4,000 psi (27.6 MPa) normal weight concrete 

with 70,000 psi (482.6 MPa) steel yield strength. The details of the mixture proportion 

specified per cubic yard of concrete are shown in Table 2-1: 

Table 2-1: Concrete mixture properties specified for all four specimens. 
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The 28-day compressive strength of concrete was greater than the nominally 

specified 4,000 psi (27.6 MPa), and the actual strength of the reinforcement differed 

slightly from the assumed 70,000 psi (482.6 MPa). Although the measured material 

properties differed from the specified values, the required development length provision 

per the ACI 318-71 code was still satisfied. Table 2-2 provides the measured material 

properties for each of the four specimens tested. It should be noted that AR-0 was tested 

prior to 28 days. 

Table 2-2: Measured material properties for each specimen. 

 

The longitudinal reinforcement consisted of No. 11 reinforcing bars which 

conformed to ASTM A61510 standards for Grade 60 steel and the shear reinforcement 

consisted of No. 4 closed stirrups. The top (compression) reinforcement was continuous 

along the length of the specimen while the bottom (tension) reinforcement was lapped 

near the midspan of the specimen. The bottom spliced reinforcement was hooked at the 

end of each bar opposite of the splice to allow for full development at the supports. 

Figure 2-1 below shows a plan view of the bottom reinforcement for all four specimens. 

Stirrups were regularly spaced at 4 in. from the end of the beam to the nearest support 

and at 6 in. between each support and the nearest load point to preclude the development 

of premature shear failures during testing. Each specimen had three No. 11 longitudinal 
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reinforcing bars along both the top and bottom, which led to a longitudinal reinforcement 

ratio, ρ, of 0.6 percent. 

 

 

Figure 2-1: Rebar layout for AR-0 (top) and AR-1, AR-2, and AR-3 (bottom) 

The development length to yield a No. 11 bar was calculated to be 70 in. 

(1,778 mm) using the nominal design values of 4,000 psi for concrete compressive 

strength and 70,000 psi for reinforcement yield strength. Although the required 

development length changes with the actual material properties, this assumption was 

made to keep consistency between all four specimens. Therefore, AR-0 contained a 70 in. 

(1,778 mm) lap splice while the other three specimens contained a half-length lap splice 

of 35 in. (889 mm).  

For ease of construction, the reinforcement cages were built with the tension side 

on top. Once completed, the reinforcement cages were rotated 90 degrees and placed into 

the formwork. This rotation was done to make use of existing forms at the lab. In this 

position, the top and middle splices were cast with more than 12 in. (305 mm) of concrete 

below. ACI 318-14 requires a modification of 1.3 to the development length equation for 
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reinforcement that contains more than 12 in. (305 mm) cast below it1. This factor was not 

included in the design of the specimens. The 1.3 modification factor to the development 

length equation accounts for the decrease in bond which occurs when a large amount of 

concrete is cast below a splice often referred to as the “top bar effect”11. After all the 

concrete was placed, the top of the specimen was hand finished through the use of 

trowels and covered with a tarp. Once the beam had achieved sufficient strength, the side 

forms were removed, the beam was removed from the soffit, rotated 90 degrees, and 

stored with the compression side on top.  

  

2.3 UNDERCUT ANCHOR BACKGROUND 

The anchors used to retrofit the deficient splices within AR-2 and AR-3 were 

Type 3 undercut anchors12. Undercut anchors make use of a mechanical interlock 

system13 in which the anchor is fully engaged at two distinct locations. One location is at 

the head of the anchor, which is locked into place by the use of an expansion sleeve over 

a conical nut. During installation, the conical nut is drawn into the expansion sleeve to 

produce the desired expansion of the anchor into an undercut hole. The second location is 

at the opposite end of the anchor where a nut bears on a steel plate at the concrete 

surface. The process for engaging the undercut anchor and the components of the 

undercut anchor are shown in Figure 2-2 below. Significant force is needed to draw the 

conical nut into the expansion sleeve. Once the nut at the surface the specimen is 

installed, this force is effectively locked into the anchor producing active confinement. 
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Figure 2-2: a) Process for engaging Type 3 undercut anchor12 and b) components for 

undercut anchor used. 

Typical uses of undercut anchors consist of hanging piping, electrical conduit, 

ductwork, or other mechanical systems from concrete structures. These conventional uses 

generally require the anchors to act in pure tension. Studies from Fuchs et al.14 were used 

to determine the failure mode of this type of anchor, and these studies were used in the 

development of ACI 318-14. The primary failure mechanism of interest for this research 

is tensile loading failure. An undercut anchor loaded in tension can fail by: 1) steel 

failure, 2) pullout, 3) concrete breakout, or 4) concrete splitting1. The failures shown 

below in Figure 2-3 describe the different failure modes that can be expected with the use 

of undercut anchors under tensile loading. 
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Figure 2-3: Tensile loadings failures a) steel failure, b) concrete breakout, c) concrete 

splitting, and d) pullout 1. 

2.4 RETROFIT DESIGN 

The retrofits for AR-2 and AR-3 were designed using 5/8 in. (16 mm) diameter 

undercut anchors. When designing the retrofits for each beam, the splice length was set 

equal to 35 in. (890 mm) in Eqn. 2-2 and the amount of confinement, which is based on 

anchor spacing, required to allow the reinforcement to reach its yield strength was 

calculated. However, there is a 2.5 limit on the (𝑐𝑏 + 𝐾𝑡𝑟) 𝑑𝑏⁄  term in Eqn. 2-2, which 

effectively limits the spacing of the confinement reinforcement. 

By setting this (𝑐𝑏 + 𝐾𝑡𝑟) 𝑑𝑏⁄  term in Eqn. 2-2 equal to 2.5, the minimum 

development length was calculated to be 45 in. (1,143 mm). Although this length was 

greater than what was actually supplied in the specimen, this limit was used for design of 

the retrofit in AR-2. Because the undercut anchor would act as active confinement due to 

its installation process, it could allow for a lap splice length less than 45 in. (1,143 mm) 
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to reach full design capacity. Therefore, AR-2 contained 18 anchors located in the lap 

region spaced at every 6 in. (152 mm) as shown in Figure 2-4. Rather than using 

individual washers for each anchor, it was decided to make use of a single 3/4 in. (19 

mm) thick steel plate that would cover the entire lap region.  

The exterior lap splices were only confined on the inside of the lap region because 

of the concern of pullout failure, side face failure on either vertical face of the specimen, 

or damage to the vertical faces of the specimen due to anchor installation. The middle lap 

splice was confined on both sides of the lap splice exhibiting the ideal layout of the 

undercut anchors to be used in practice. 

 

 

Figure 2-4: Layout of Anchors in retrofit region for AR-2. 

For the design of the retrofit used in AR-3, the 2.5 limit for (𝑐𝑏 + 𝐾𝑡𝑟) 𝑑𝑏⁄  was 

neglected based on the research performed by Darwin et al.2. Therefore, a spacing of 4.5 
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in. (114 mm) was used with the same 5/8 in. (16 mm) anchors described above for AR-2. 

The anchor layout is shown in Figure 2-5, and for this layout the (𝑐𝑏 + 𝐾𝑡𝑟) 𝑑𝑏⁄  term 

mentioned previously is equal to 2.84. This larger value produced a calculated 

development length of 39 in. (991 mm), much closer to the supplied development length 

of 35 in. (991 mm). Once again, the assumption was made that the active confinement 

has a greater contribution to the lap region than passive confinement. 

 

 

Figure 2-5: Layout of Anchors in retrofit region for AR-3. 

During the anchor installation for AR-3, it was discovered that the reinforcement 

cage had shifted during casting. Therefore, the reinforcement was 1.25 in. (32 mm) closer 

to the soffit formed surface than initially intended. The decrease in the provided cover 

had the potential to cause premature failure of the affected lap prior to reaching capacity. 
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The expected failure, however, was still along the top splice because of the top bar affect 

that was not accounted for in the design of the specimens. 

2.5 SUMMARY 

 Four specimens were designed and fabricated for this research project, one of 

which was a control test, one was a baseline test, and two contained undercut anchor 

retrofits. All four specimens were designed assuming 4,000 psi (25.6 MPa) concrete 

compressive strength, 70,000 psi (483 MPa) steel yield strength, and contained a tension 

lap splice at the midspan location of the beam. The results from the control specimen and 

baseline specimens, AR-0 and AR-1 respectively, served as the basis for the design of the 

two retrofits. The purpose of the two retrofits was to increase the capacity and ductility of 

AR-1, with a deficient lap splice, to that of AR-0, with a lap splice per requirements of 

ACI 318-71. To retrofit AR-2 and AR-3, undercut anchors were installed based on the lap 

splice length equation provided in ACI 318-14. The design of the anchor retrofits called 

for eight anchors spaced at 6 in. (152 mm) for AR-2 and ten anchors spaced at 4.5 in. 

(114 mm) for AR-3.  
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Chapter 3:  Experimental Investigation  

3.1 OVERVIEW 

Once the specimens were designed, fabricated, and retrofitted as required, they 

were then moved into the test frame, instrumented, and tested. To examine flexural 

anchorage behavior, the test setup was designed to ensure that the lap splice in each beam 

would be tested in a constant moment region with failures governed by the bending 

strength of the specimen. The test frame shown below in Figure 3-1 shows a four-point 

loading on a simply supported specimen. Each of the four specimens was tested in this 

configuration within a one inch dimensional tolerance to ensure that all beams had the 

same test span and region which can be seen in Figure 3-2. 

 

 

Figure 3-1: 3-D illustration of the Test Setup. 
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Figure 3-2: Detailed test setup with details of each support fixture. 

 Prior to the start of each test, the design capacity based on both flexure and shear 

was calculated per ACI 318-14 using the measured steel yield strength and 28-day 

compressive strength. The controlling design capacity, which was based on the flexural 

strength, was used to calculate the expected failure load of each specimen. Concrete 

cylinders for each beam were also tested at the time of the structural test to be used for 

post-test analysis. 

Each beam was incrementally loaded up to an applied load of 70 percent of the 

expected failure load. At each load increment, the observed cracking was mapped and 

photographed to determine and compare the cracking pattern of each specimen. Since 

AR-1 contained half the lap length required, it had an expected failure load that was less 

than that of the other three specimens. AR-1 was loaded in 10 kip (45 kN) increments up 

to 70 kips (311 kN). The other three specimens, AR-0, AR-2 and AR-3, were loaded in 

20 kip (89 kN) increments up to 160 kips (712 kN). Once 70 percent of capacity was 
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reached for every specimen, each specimen was loaded continuously thereafter until 

failure. 

 

3.2 INSTRUMENTATION 

The two point loads seen in Figure 3-2 were applied to the specimen by hydraulic 

rams at a rate of 200 - 500 lbs per second. Both rams were connected to the same 

hydraulic manifold. By connecting both rams to the same manifold, it was ensured that an 

equal distribution of pressure, and therefore, an equal load, was provided to each ram 

throughout the duration of the test.  

 The test setup consisted of two different supports, one of which was a roller and 

the other a pin as shown in Figure 3-2. This layout allowed for the beam to be statically 

determinate. The roller support contained two load cells while the pin support contained 

only one load cell, which was attached to a tilt saddle. The loads measured at the two 

supports were compared with each other when the self-weight of each specimen was 

measured to ensure the specimen was reasonably, symmetrically placed in the test frame. 

 Linear potentiometers (LPs) were used to measure the movement of small steel 

angles that were epoxied onto the vertical faces of the beam. The LPs were used to track 

the displacement of the member at six locations. Two LPs were installed on each side of 

the roller and pin supports and two LPs were installed on either side of the center of the 

specimen. The linear potentiometers were attached to small stationary stands which can 

be seen in Figure 3-3 below. The readings from the LPs were used to calculate the 

deflection of the beam during loading and after load was removed.  
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Figure 3-3: Linear Potentiometer Setup at a support (left) and at center of specimen 

(right). 

To better understand the behavior of the anchors during testing, it was decided to 

install bolt strain gages in select anchors. As mentioned in the description of the undercut 

anchors, the anchors are only attached at two distinct locations: 1) The conical nut 

anchored into the concrete and 2) the hex nut anchored at the tension face where the 

anchor was torqued. Therefore, the strain gages needed to be installed between these two 

regions. It was chosen to install the gages through a hole drilled into the anchor just past 

the head of the conical nut as shown in Figure 3-4 below. This location ensured that the 

strain gage would measure strains representative of the behavior of the anchor within the 

concrete. 
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Figure 3-4: Strain Gage location of undercut anchor. 

Ten undercut anchors were instrumented with bolt strain gauges in each 

retrofitted specimen. For both retrofits, the gages were installed in the anchors at the ends 

of each lap region and in the anchors in the middle of each lap region. A layout of the 

instrumented anchors for AR-2 and AR-3 is shown in Figure 3-5. The purpose of this 

installment location was to determine if the behavior of the anchors at the ends of the lap 

region differed from the behavior in the middle of the lap region. The gages were not 

only used to determine if the undercut anchors were in fact engaged but also if there was 

a limit to the confinement that each anchor could provide. 
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Figure 3-5: Location of the bolt strain gages in AR-2 (left) and AR-3 (right). 

To install the undercut anchors, AR-2 and AR-3 were rotated 180 degrees which 

allowed for easier drilling and installation from the soffit of the specimens. Per the 

manufacturer’s specification, a 5/8 in. (16 mm) anchor required a 1 in. (25 mm) diameter 

hole to be drilled. The holes were drilled using a carbide drill bit to the depth of the top of 

the compression steel, 21 in. (533 mm), with the exception of the locations chosen to be 

gaged. The holes that contained anchors with strain gages were drilled completely 

through the specimen to allow the strain gage wires to pass through the hole to the top of 

the specimen so there would be less risk of damage during testing. Each hole was then 

undercut to allow the conical nut at the head of the anchor to interlock with the concrete. 

The anchors were then installed, the steel plate was placed in its position, and the anchors 

were torqued per the manufacturer’s specification 

 

3.3 CALCULATION OF CAPACITY 

 To calculate the expected failure load of each specimen, the moment capacity and 

shear capacity were calculated per ACI 318-14 using the 28-day concrete cylinder 
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strength and measured yield strength (Table 3-1). The moment and shear were calculated 

for the worst case in which the maximum moment occurs in the test region and the shear 

occurs between the applied load and support points, however due to the stirrup spacing, 

this did not control failure.  

To calculate the nominal shear capacity in the test region, the following equation was 

used: 

𝑉𝑛 =  𝑉𝑐 = 2 𝜆√𝑓′
𝑐
𝑏𝑤𝑑         Eq. 22.5.5.1 

To calculate the nominal moment capacity, the specimens were designed as under-

reinforced cross sections such that the longitudinal tension reinforcement would yield 

before the concrete compression zone crushed. 

The nominal moment design capacity and the expected failure load for each 

specimen based on the measured material properties are shown in the table below. The 

values presented for AR-1 were found by assuming only half the steel yield strain in the 

reinforcement where one-half the code-specified lap splice was provided to attain a 

reasonable estimate of the failure load. The capacities of AR-2 and AR-3 were calculated 

based upon the assumption that the use of the undercut anchors to retrofit the lap region 

allowed the reinforcement to reach full yield capacity.  

Table 3-1: Design capacity for moment and expected failure load of the four specimens 

tested. 
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3.4 SPECIMEN PERFORMANCE 

AR-0 displayed desirable behavior as it achieved significant yielding prior to 

failure. This measured behavior of AR-0 was expected because it contained the full lap 

length required per ACI 318-71. Although AR-0 did have a lap splice failure, it wasn’t 

until the beam had reached its design capacity and experienced significant deformations. 

AR-1 was unable achieve the behavior observed in AR-0 in that AR-1 showed neither 

ductility nor the ability to reach design capacity. The measured behaviors of AR-2 and 

AR-3 were very similar because both specimens achieved a greater capacity than AR-1 

and both experienced larger deflections when compared to the AR-1. As compared to 

AR-2, AR-3 had additional capacity as well as additional ductility.  Additional details of 

each of each specimen are provided in the following subsections. 

3.4.1 AR-0 

Although AR-1, AR-2, and AR-3 all had a greater steel yield strength and slightly 

greater concrete compressive strength than AR-0, AR-0 was able to reach the greatest 

failure load and sustain the greatest deflection. AR-0 reached flexural yield at a load of 

210 kips (934 kN) and reached flexural failure at 233 kips (1,035 kN). The failure mode 

of AR-0 can be observed in the figure below. The specimen failed along the exterior lap 

splice nearest the finished surface of the member, which was the top surface during 

casting. The failure along the aforementioned lap splice agrees with the idea mentioned 

previously. The splice nearest the formed surface was weakest since it had the most 

concrete cast below it. 
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Figure 3-6: Lap splice failure observed in AR-0 along the exterior lap nearest the finished 

face of the specimen. Elevation view at top; and bottom view at bottom. 

3.4.2 AR-1 

AR-1 was tested without a retrofit to observe how much yielding, if any, a 

member with half the lap length could achieve and also to serve as the basis for assessing 

the effects of the retrofits. AR-1 never reached yielding but rather failed at an applied 

load of 179 kips (796 kN), which was greater than the calculated failure load. The failure 
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of AR-1 was a face and side split failure15 which meant that there was observed cracking 

along both the faces and the bottom of the specimen. The failure mode can be seen in 

Figure 3-7. The two exterior lap splices failed along the bottom and along the side face of 

the member. Cracking along the middle splice indicating a middle lap-splice failure was 

also observed although it was not as significant as the two exterior splices. 

 

 

Figure 3-7: Failure mode of AR-1 in which both failure of the lap splice and side face 

splitting occurred. Elevation view at top; and bottom view at bottom. 
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Although AR-1 had a much greater capacity than was expected, the failure was 

brittle, which is consistent with inadequate anchorage due to the lack of confining steel16. 

At 179 kips (796 kN), AR-1 deflected by 0.5 in. (13 mm) almost instantaneously. The 

specimen retracted very little when the load was later removed. As can be seen in Figure 

3-7, the cracks along the length of all three lap splices, as well as along the end of each 

splice region and at each face, had large widths. 

3.4.3 AR-2 

AR-2 was the first retrofitted specimen tested. Yielding of the flexural 

reinforcement within the specimen similar to that seen in AR-0 was desired in AR-2. 

AR-2 was able to reach yielding at 212 kips (943 kN) but failed shortly after at 217 kips 

(963 kN). AR-2 reached a greater capacity than AR-1 and experienced a larger deflection 

prior to failure. Failure of AR-2 was readily visible but was confirmed by a significant 

reduction in applied load. Once the significant reduction in load occurred, the test was 

completed. It can be seen in the Figure 3-8 below that the observed failure mode was 

significantly different in the retrofitted specimen when compared to AR-1 in that minimal 

cracking was observed on either face of the specimen and only large width cracks were 

visible along the one lap splice that failed and along the ends of the lap region.  
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Figure 3-8: Lap splice failure observed in AR-2 along the exterior lap nearest the finished 

face of the specimen. Elevation view at top; and bottom view at bottom. 

The behaviors of the anchors as determined from the embedded bolt strain gages, 

which can be seen in Figure 3-9 below, reflect the failure that is observed in Figure 3-8. 

BSG-1, BSG-2, and BSG-3 correspond to the strain gauges that were installed in the 

anchors along the exterior lap near the finished surface which failed during the test. It can 

be seen from the graph in Figure 3-9, that these three anchors experienced a significant 

increase in the load that each bolt carried as the specimen began to fail. It can also be 
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seen that the anchors at the end (BSG-1, BSG-3, BSG-4, and BSG-7) of the lap regions 

experienced more strain than those in the middle. This increase in strain is because the 

stress in the reinforcement is greatest at the cutoff point for the adjacent bar as occurs 

near the ends of the splice region.  

 

 

Figure 3-9: Strain measured in the undercut anchors as load was applied to the specimen. 

3.4.4 AR-3 

 AR-3 was the final specimen to be tested. The design of the retrofit for AR-3 was 

based upon the results of the AR-2 test which were described above. Since AR-2 was 

unable to reach full design capacity, AR-3 was designed with the intent to reach full 

design capacity as well as to extend the yield plateau of the specimen.  

 AR-3 reached yielding at an applied load of 222 kips (988 kN) and failed at 228 

kips (1,015 kN). This specimen was able to reach design capacity as well as sustain a 

larger deflection than AR-2. However, the failure mode observed in AR-3 was similar to 
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AR-2 in that the failure was noted by a significant reduction in load carrying capacity 

rather than a visible failure. Also the exterior lap nearest the finished surface initiated the 

lap splice failure as in specimen AR-0 and AR-2.  

 

 

Figure 3-10: Failure mode observed in testing of AR-3. Elevation view at top; and bottom 

view at bottom. 
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Although AR-3 was also instrumented with anchor strain gauges, there was a 

malfunction of the data acquisition system; none of the gages in the AR-3 test produced 

usable data. 

3.5 ANALYSIS OF ACI 318 CODE PROVISIONS 

The flexural capacity equations mentioned above were used in the post-test 

analysis to calculate the nominal moment capacity at the time of testing using the 

compressive strength of the test day cylinders. The process for the calculation of the 

maximum experimental moment can be seen in the following calculations where the 

self-weight, applied load, and reaction values were as recorded by the data acquisition 

system. 

 

Figure 3-11: Free body diagram used to calculate the maximum moment of the 

specimens. 

The self-weight was calculated per Equation 3-1 and the maximum moment was 

calculated per Equation 3-2: 

 

𝑤𝑠𝑤 =
𝑅𝑡𝑖𝑙𝑡,𝑠𝑤+𝑅𝑟𝑜𝑙𝑙𝑒𝑟,𝑠𝑤

𝐿
     Equation 3-1 
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M = 𝑅𝑡𝑖𝑙𝑡,𝑠𝑤+𝑃/2 ∙ (𝑏 + 𝑐) −
𝑃

2
∙ (𝑐) −

𝑤𝑠𝑤𝐿2

8
   Equation 3-2 

 

 Where: L = span length of the specimen (in.), 332 in. (8433 mm), 

  a = overhang distance (in.), 38 in. (965 mm), 

  b = distance between the support and applied load (in.), 56 in (1422 mm), 

c = distance between the applied load and midspan (in.), 72 in. (1829 

mm), 

  M = maximum moment at midspan (k-in.), 

  V = maximum shear at midspan (kips), and  

Rtilt,sw+P/2 = reaction at the tilt or pin support due to self-weigh and applied 

load (kips). 

 

Shown in the table below is a comparison of the nominal moment, which uses test 

day compressive strength and measured steel strength, with the maximum moment 

carried in each specimen during its test. The tabulated values presented for the calculated 

moment capacity are based upon a fully developed lap splice in which the flexural 

reinforcement is able to reach yield, fy. 
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Table 3-2: Comparison of the calculated moment capacity, based on test-day compressive 

strength, with the maximum experimental moment found in the beam. 

 

As can be seen in the table above, both specimens AR-0 and AR-3 reached the 

nominal moment capacity, which was calculated per the ACI 318-14. AR-1 was able to 

reach a much greater capacity than was originally calculated. It was assumed that by 

using half the required development length per ACI 318-71, the reinforcement would 

only reach roughly half of the full yield capacity. However, AR-1 was able to reach 80 

percent of the design capacity. The results from AR-1 suggest that there is a significant 

factor of safety within the ACI 318-71 development length equation. 

 The retrofitted AR-2 showed an increase in capacity compared to the un-

retrofitted specimen with half the lap splice length (AR-1), but was unable to reach the 

calculated design capacity. The results of the AR-2 test showed that for a member 

containing a deficient lap-splice, a retrofit with undercut anchors could improve the 

behavior of the specimen to an extent. The undercut anchors used in the retrofit for AR-3 

provided enough confinement to allow for an increase in the capacity of a member with 

half the lap splice to that of a specimen with a full lap splice length.  

It is also helpful to look at Figure 4-2 below, which shows the applied moment of 

each specimen as a function of the measured displacement. The graph in Figure 4-2 

shows the moment on the specimen due to the addition of applied load, therefore all four 
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specimens start near 600 kip-in (67.8 kN-m) which was roughly the moment due to the 

self-weight of each of the specimens.  

 

 

Figure 3-12: Moment verses deflection of each specimen. 

With regard to ductility, ACI 318-14 only requires that εt > 0.004 prior to failure1, 

although more ductility is desired in all specimens that are designed. Even though AR-3 

reached design capacity, subsequently allowing the retrofit to work with regard only to 

the code requirements for flexural capacity, the issue of the lack of ductility provided 

cannot be ignored. The use of post-installed undercut anchors to retrofit deficient lap 

splices shows promise but further study is required to find a way to increase the ductility 

that can be provided by the undercut anchors. 
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3.6 SUMMARY 

Each of the four specimens was tested in four-point bending using a symmetric 

test frame in which the lap splice of each specimen was in the constant moment region. 

The behavior of each specimen up to failure provided insight into the crack pattern, the 

yielding of the reinforcement in each member, and whether the use of undercut anchors 

could improve the capacity of members with deficient lap splices. AR-0, which contained 

the full lap splice per ACI 318-71, was able to reach design capacity and sustain 

significant deformations prior to failure. AR-1, which contained one-half the lap length of 

AR-0, was unable to reach flexural yield capacity, which was expected. However, AR-1 

also had a very brittle failure mode in which both a lap splice and side face failure 

occurred. AR-2 showed an increase in capacity when compared to AR-1 due to the 

retrofit but was unable to undergo significant deflections. The final retrofit specimen, 

AR-3, had a better behavior since it exhibited more ductility. However, neither AR-2 nor 

AR-3 had comparable ductility to that seen in the control specimen with the full-length 

lap splice, AR-0.  
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Chapter 4:  Conclusion 

This project was comprised of four structural beam specimens, two of which 

contained retrofits to enhance inadequate lap splices. Post-installed undercut anchors 

were used to enhance capacity of the inadequately spliced members and allow them to 

reach calculated design capacity. The results of this study are as follows: 

 AR-1 was the baseline specimen that contained half of the required lap length per 

ACI 318-71 and was 42 percent of the required lap length per ACI 318-14. AR-1 

was able to reach 80 percent of the flexural design capacity per those same codes. 

Thus, AR-1 was able to resist a greater moment than would have been calculated 

using those codes.  

 Undercut anchors require access to only one face of a specimen and when 

installed perpendicular to the longitudinal reinforcing act as confinement in the 

lap region. 

 The experimental results from the two retrofitted specimens demonstrate that 

undercut anchors have the ability to increase the strength of a member with a 

deficient lap splice. This increase in strength is dependent upon the amount of 

anchors and spacing used for each lap splice. 

 There is a limit to the amount of confinement each individual undercut anchor can 

supply to the lap splice. Therefore the spacing of the undercut anchors is a critical 

design parameter. 

 The use of post-installed undercut anchors as a retrofit for deficient lap splices in 

these test specimens did not produce comparable ductility to that of the control 

specimen that contained the full lap splice as required by ACI 318-71. 

 

 



 35 

Appendix A: Specimen Design and Fabrication 

A.1 OVERVIEW 

Appendix A provides further details on the design and fabrication of the four 

specimens presented in this research. Photographs and drawings are provided for a better 

visualization of each process. The test setup is also further described along with the 

instrumentation that was used during testing. Appendix A is formatted in the following 

way: 

- Section A-2 details the reinforcement design and layout for all four specimens. 

- Section A-3 details the fabrication process of the cages as well as details the 

casting procedure that was followed. 

- Section A-4 provides further details on the test frame as well as on the 

instrumentation that was used for each specimen. 

A.2 SPECIMEN DESIGN 

As mentioned previously, the specimen geometry and reinforcement layout were 

pre-determined since they were taken from an existing structure. Therefore, all 4 

specimens have the same length, width, and depth.  
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Figure A-1: Plan view (top) and Elevation view (bottom) of reinforcement layout for 

AR0. 

 As can be seen in Figure A-1 and Figure A-2, the main difference in the 

reinfocement layout of the specimens is that the lap splice length in AR-0 is exactly twice 

as long as the lap splice length in the other three specimens. One other noticable 

difference is in the stirrup spacing past the support. Although the spacing for both 

specimens is identical, 6 in., the number increases for the specimens that contain the 

deficient lap splices. This was done in order to ensure a premature shear failure would not 

occur in the test region. 
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Figure A-2: Plan view (top) and Elevation view (bottom) of reinforcement layout for AR-

1, AR-2, and AR-3. 

Figure A-3 shows cross section views taken in the lap splice region, at the end of 

the specimen, and in the stirrup region. These cross sections were consistant for all four 

specimens, the only difference being in AR-2 and AR-3 which contained retrofits in the 

lap splice regions. 
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Figure A-3: Section view of specimens a) detail of the tension reinforcement hooks, b) 

typical section of non-test region, c) typical section for un-retrofitted test 

region. 

A.3 SPECIMEN CONSTRUCTION AND CASTING 

Each of the four specimens were fabricated and cast at The University of Texas at 

Austin. The rebar cages were tied using multiple saw horses to allow for the cage to be 

constructed outside the formwork. The cages were tied with the tension steel on top, as 

show in Figure A-4, to allow for easier construction. Once the rebar cages were 

completed, each cage was rotated 90 degrees and placed on the formwork soffit and up 

against one side of the formwork. The second side form was then installed and the end 

forms were attached and tightened. 
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Figure A-4: A) and B) show the reinforcement layout in the tie positions, C) and D) show 

the reinforcement cage inside the formwork. 

 

A B 

C D 
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Figure A-5: Casting operations that were performed for each specimen.  
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A.4 TEST SETUP AND INSTRUMENTATION 

The details of the test setup are shown in Figure A-6 and A-7. Figure A-6 shows 

the details of the instrumentation that was used for all four specimens. Two 2 in. linear 

potentiometers were placed on either side of the pin support and on either side of the 

roller support. Two longer, 4 in. linear potentiometers were placed at the center of the 

specimen because this section would experience a larger deflection. The two hydraulic 

rams applied an equal distribution of load to the specimen to ensure a constant moment 

region between the two load points. The base plates, which contained load cells, then 

reacted against the applied load and the load cells calculated the applied load on the 

specimen. 

 

Figure A-6: Location of instrumentation used on test specimens. 
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Table A-1: Equipment used in the test setup as shown in Figure A-6. 

 
  

Figure A-7 shows the layout of the test frame from multiple different angles. The 

specimen that is located in the test frame has yet to be tested. In order to observe the 

behavior of the specimen in the tension lap splice region, a large mirror was placed under 

the specimen that extended past the splice region. This mirror served as a better means to 

understand what was happening underneath the specimen while avoiding any dangerous 

conditions.  
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Figure A-7: Photographs of a specimen that is about to be tested in the test setup with all 

the instrumentation connected. 
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Appendix B: Materials 

B.1 OVERVIEW 

Appendix B provides further details on the materials that were used in each 

specimen as well as details on the material testing that was conducted. Concrete testing 

was completed at FSEL, Ferguson Structural Engineering Lab, and tensile testing of the 

reinforcement and anchors was completed by 3rd parties. The following subsections 

provide pictures, tables, and graphs that show the results of the previously mentioned 

tests: 

- Section B.2 provides an explanation of the notation that is used in Appendix B. 

- Section B.3 discusses the concrete properties of each specimen 

- Section B.4 shows the batching properties for AR-1 thru AR-3 in Figure B-4 to 

Figure B-6. 

- B.5 shows the properties of the steel reinforcement and undercut anchors. 

B.2 EXPLANATION OF THE NOTATION USED IN THIS SECTION 

fy = specified steel yield strength (ksi) 

f’c = specified concrete compressive strength (psi)  

ft = splitting tensile strength of concrete (psi) 

Ec = elastic modulus of the concrete (ksi) 

L = measured length of the cylinder (in.)  

D = measured diameter of the cylinder (in.) 

L/D = ratio of the length over diameter of the cylinder 
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B.3 CONCRETE COMPRESSIVE STRENGTH, TENSILE STRENGTH AND MODULUS OF 

ELASTICITY FOR EACH SPECIMEN 

 

Figure B-1: Concrete compressive strength growth of AR-0. 
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Figure B-2: Concrete compressive strength growth of AR-1. 

 

Figure B-3: Concrete compressive strength growth for AR-2. 
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Figure B-4: Concrete compressive strength growth for AR-3. 
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Table B-1: Elastic modulus cylinder data for each test specimen. 
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Table B-2: Tensile strength cylinder data for each test specimen. 
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B.4 CONCRETE BATCH PROPERTIES 

 

 

Figure B-5: Concrete batch ticket from the truck used for specimen AR-1. 
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Figure B-6: Concrete batch ticket from the truck used for specimen AR-2. 
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Figure B-7: Concrete batch ticket from the truck used for specimen AR-3. 
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B.5 TENSILE TESTING RESULTS OF REINFORCEMENT AND UNDERCUT ANCHORS 

 

Figure B-8: Tension test results for No. 11 reinforcement in AR-0. 
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Figure B-9: Tension test results for longitudinal reinforcement in AR-1, AR-2, and AR-3. 

Note: The three steel bars tested were removed from the compression steel of a specimen that had already 

been tested. During removal of the rebar, the chipping hammer damaged distinct locations along the length 

of the rebar. 
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Figure B-10: Results from tension test on the threaded rod of the undercut anchors. 
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Appendix C: Experimental Procedure 

C.1 OVERVIEW 

Appendix C provides further details about the experimental process of this 

project. This appendix discusses the intent of the research as well as provides a more 

detailed procedure for the undercut anchor installation in the two retrofitted specimens. 

Also discussed in this appendix is the testing procedure as well as the crack mapping that 

took place at each load increment. Appendix C is organized in the following manner: 

- Section C.2 provides an explanation of the notation that is used in Appendix C. 

- Section C.3 explains the parameters that were investigated in this project as well 

as the parameters that were kept constant to allow for a true comparison. 

- Section C.4 explains the procedure for the installation of the strain gages into the 

anchor bolts. 

- Section C.5 provides further details about the installation procedure for the 

undercut anchors. 

- Section C.6 shows the cracking pattern that was observed during testing for each 

specimen as well as provides tables C-4 thru C-8 which describe the specimen 

behavior that was observed at each increment. 

C.2 EXPLANATION OF THE NOTATION USED IN THIS SECTION 

bw = beam width (in.) 

Danchor = diameter or undercut anchor (in.) 

h = height of the specimen (in.) 

hembedment = embedment depth of anchor (in.) 

Fy,anchor = yield strength of the undercut anchors (ksi) 

L = length of the specimen (in.) 
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ld = splice length of tension reinforcement (in.) 

s = spacing of undercut anchor (in.) 

C.3 INVESTIGATED PARAMETERS  

The research presented in this report looked at the use of post-installed undercut 

anchors to act as active confinement for a deficient lap splice when installed in the lap 

region. The four specimens that were fabricated at The University of Texas each served 

as a comparison for the other tests. With that said, all four specimens were the exact same 

length, depth and width as shown in Table C-1. The only changing variable was in the lap 

length. The control specimen, AR-0, had the full design lap length required in ACI 

318-71 while the other three specimens had exactly half that length. The baseline test, 

AR-1, was used to see how the behavior of a specimen with half the required lap length 

differed from a specimen with the full lap length. Therefore, the two retrofits could then 

be compared with the control and baseline specimens to see whether the installation of 

the undercut anchors improved the capacity of the member. 

Table C-1: Parameters kept the same for each specimen. 

 

 The changing variables in AR-1, AR-2 and AR-3 were the amount of undercut 

anchors used to confine the lap splice region, as well as the spacing of those anchors. 

Table C-2 summarizes the amount and spacing of the anchors per specimen. The results 

from the tests of AR-1 through AR-3 allowed for a comparison to be made in order to see 
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whether the cracking behavior, the total failure load, and the failure mechanism were 

affected by the installation of undercut anchors. The anchors in both AR-2 and AR-3 

were of the same length and diameter to ensure that the only changing variable was the 

spacing and, therefore, the amount of anchors used for each lap splice. 

Table C-2: The variables the changed and remained the same for the specimens that 

contained one-half the lap length of AR-0. 

 

C.4 BTM-6C-1LDA STRAIN GAGE INSTALLATION 

To better understand the behavior of the anchors during testing, ten anchors were 

instrumented with strain gages for both AR-2 and AR-3. The strain gages used were 

special bolt strain gages which were installed at the head of the anchor, just past the 

conical nut. The positioning of the gages at this location was to ensure that a proper 

reading of the strain in the anchors was received since this location was just beyond 

where the anchors were engaged with the concrete. This position was also chosen to 

avoid damage during testing since the lead wire could be threaded out the top of the 

specimen rather than out the bottom where concrete spalls had the potential to damage 

the wires.  

In order to embed the strain gages inside of the anchors, 0.079 in. diameter holes 

were drilled in the center of the conical nut down to a depth of 1.58 in. The holes were 

then thoroughly cleaned with acetone to ensure no residual oil from the drilling process 
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remained. Once the holes were dry, an epoxy was applied in the hole through a syringe. 

The epoxy was applied slowly so that during the installation no air bubbles would form. 

As soon as the epoxy was applied in the holes, the bolt strain gages were installed. 

Special care was taken to ensure that a 0.2 in. gap was left between the bottom of the hole 

and the embedded gage by measuring and marking the proper embedment depth on the 

lead wire. Figure C-1 shows a sample hole that was drilled into the center of the conical 

nut as well anchors that have been instrumented with strain gages. 

 

 

Figure C-1: Installation of strain gages through the conical nut on the undercut anchor. 

Once the bolt strain gages were installed into the undercut anchors, the gages 

were checked to ensure they still emitted a resistance reading and then the anchors were 

installed into the specimen. During the undercut anchor installation, the lead wires on two 

strain gages were damaged and required a splice for repair which did not prove to affect 

the gage readings. 

C.5 UNDERCUT ANCHOR INSTALLATION 

The detailed procedure for the installation of the undercut anchors presented 

below is based upon the manufacturer’s installation procedure. The 5/8 in. (16 mm) 

anchors used in this project were 24 in. (610 mm) long and had an embedment of 21 in. 

(533 mm). The embedment length allowed for the conical nut of the anchor to coincide 
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with the top of the compression steel. Each undercut anchor consists of a conical nut on a 

threaded bolt, an expansion sleeve, a distance tube, hex nut and washer.  

 

Figure C-2: Undercut anchor used in this research. 

The installation procedure for the 5/8 in. (16 mm) undercut anchor was as follows: 

1. The specimen was rotated 180 degrees to allow for easier installation.  

2. The steel plate was set in the proper position on the tension side of the specimen. 

3. 1 in. (25 mm) diameter holes were drilled to a depth of 22 in. (559 mm) using a 

carbide hammer drill bit. The holes that contained gaged anchors were drilled all 

the way through the specimen. The holes were then cleaned thoroughly using 

compressed air. 

4. The plate was then removed since the undercutting and setting tool did not 

account for the additional 3/4 in. that the plate contributed to the total length.  

5. Each hole was undercut at the desire depth by using the undercutting tool. The 

holes were again cleaned thoroughly using compressed air. 

6. The threaded end of the anchor was installed into the hand setting tool and the 

anchor was placed into the drilled hole. 

7. Each anchor was set in the hole using the hand setter tool. 
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8. Once all the anchors had been installed and set using the hand setting tool, the 

bearing plate was installed. 

9. The washer and nut were placed on the threaded end of each anchor bolt and 

torqued to 180-200 psi. 
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Figure C-3: Drilling of 1 in. (25 mm) hole with carbide hammer bit (left), cleaning of 

holes using compressed air (upper right) and undercutting of a hole (bottom left). 
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Figure C-4: The completed installation of the undercut anchors with the ¾ in. plate for 

AR-2 (top) and AR-3 (bottom). 

C.6 CRACK MAPPING 

At each load increment, the cracks were mapped which meant that any new crack 

which had formed between one load step and the next was marked. The purpose of 

mapping the cracks was to see not only when the specimen began to crack but how those 
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cracks propagated and led to the development of new cracks. For the four specimens 

tested, the main areas of interest from the crack mapping were when the first flexural 

cracks formed and also the propagation of the cracks along the edge of each lap splice 

region. The edge of the lap region has the highest stress since it is the cut-off point for the 

reinforcementr17. Therefore, the development of cracks along this region would help to 

see whether or not the use of post-installed undercut anchors could prolong the initial 

cracking of the member since the goal of the anchors was to confine that lap splice 

region. Tables C-3 through C-6 provides an explanation of the observed cracking at each 

load increment on both faces of the specimen. 
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Figure C-5: Propagation of cracking for AR-0 as load was applied from 0 kips to failure. 
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Figure C-6: Propagation of cracking for AR-1 as load was applied from 0 kips to failure. 
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Figure C-7: Propagation of cracking for AR-2 as load was applied from 0 kips to failure. 
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Figure C-8: Propagation of cracking for AR-3 as load was applied from 0 kips to failure. 
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Table C-3: Explanation of the observed cracking behavior of AR-0 up to the failure load. 
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Table C-4: Explanation of the observed cracking behavior of AR-1 up to the failure load. 
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Table C-5: Explanation of the observed cracking behavior of AR-2 up to the failure load. 
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Table C-6: Explanation of the observed cracking behavior of AR-3 up to the failure load. 
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Appendix D: Experimental Results 

D.1 OVERVIEW 

Appendix D further explains the observed behavior of each test specimen. The 

condensed test data and load vs. mid-span displacement graphs are presented to better 

illustrate the capacity of the specimens. Appendix D is organized in the following 

manner: 

- D.2 explains the notations that are used throughout Appendix D. 

- D.3 provides a concise set of data for each test that still illustrates the behavior of 

the specimen. 

- D.4 provides graphs of the load vs. mid-span displacement for each of the four 

specimens for comparison. 

- D.5 provides summarized results of the bolt strain gages in AR-2. 

D.2 EXPLANATION OF THE NOTATION USED IN THIS SECTION 

The following notations are used throughout this section: 

Papplied = load applied to the specimen (lb) 

Rpin = reaction at the pin due to the applied load (lb) 

Mmax = maximum calculated moment including self-weight of the specimen 

(kip-in) 

δmidspan = displacement at the mid-span of the specimen (in.) 

δtilt = displacement at the pin support taken from the average reading from the 

linear potentiometer (in.) 

δroller = displacement at the roller support taken from the average reading from the 

linear potentiometer (in.) 

Δmidspan = calculated deflection at mid-span given by the equation below (in.) 
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∆𝑚𝑖𝑑𝑠𝑝𝑎𝑛=  δmidspan − (δtilt + 𝛿roller)/2  

D.3 CONCISE SET OF DATA  

Table D-1: Self-weight of each specimen. 
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Table D-2: Condensed data set for AR-0 (continued on next 7 pages) 
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 83 

Table D-3: Condensed data set for AR-1 (continued on next 2 pages) 
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Table D-4: Condensed data set for AR-2 (continued on next 3 pages) 

 



 87 

 



 88 

 



 89 
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Table D-5: Condensed data set for AR-3 (continued on next 3 pages) 
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D.4 LOAD VS DISPLACEMENT GRAPHS 

 
 

 

 

Figure D-1: Applied load vs midspan displacement graphs for AR-0 (top) and AR-1 

(bottom). 
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Figure D-2: Applied load vs midspan displacement graphs for AR-2 (top) and AR-3 

(bottom). 
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D.5 STRAIN GAGE RESULTS 

The data that was collected by the strain gages provides insight into the behavior 

of the undercut anchors as well as the limitations of the anchors. Unfortunately the strain 

gages for AR-3 did not provide reasonable readings and therefore, were thrown out. 

Figure D-3 provides context for the discussion of the strain gage behavior by showing the 

undercut anchors that were instrumented with strain gages and their corresponding 

location at failure. 

 

Figure D-3: The location of the anchors that were instrumented with strain gages and the 

corresponding location in failure that was observed. 

The behavior of the strain data helps to better explain the role that the anchors 

played in increasing the capacity of the deficient lap splice in AR-2. It can be seen in 

Figure D-4 below that the undercut anchors along the two exterior splices and along the 

end of the lap splice region experienced the greatest strain. This meant that the anchors at 

these locations were more important in improving the overall strength of the member.  

The results of the strain gages coincide with the predicted areas where the stress 

would be highest in the longitudinal reinforcement along the lap splice. The highest stress 

is at the location that the bars are cut and, therefore, the anchors nearest the end of the lap 
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region would experience the greatest strain which is observed in Figure D-4. Also as the 

member reaches the failure load, the exterior splices begin to weaken and, therefore, the 

anchors at this point start to experience larger strains until failure. At the point of failure 

the anchors are fully engaged. Particularly part a) in Figure D-4 shows that as the exterior 

lap nearest the finished surface failed, the anchors began to experience a significant 

increase in the load that was carried until ultimately the specimen failed. This showed 

that the anchors do contribute to the ultimate capacity of the specimen; however, that 

contribution is limited by the amount of confinement that the anchors can supply.  

 

 

Figure D-4: Percent of maximum applied load vs microstrain of the bolt strain gages a) 

along the exterior failed lap splice nearest the finished surface, b) along the 

interior splice, and c) along the exterior lap splice nearest the formed 

surface. 
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Appendix E: Post-Test Analysis 

E.1 OVERVIEW 

Appendix E explains the steps completed to determine the maximum moment that 

each of the four specimens was able to resist. It also shows the test day calculated 

moment capacity making use of the test day compressive strength. The experimental 

results are then compared with the calculated code capacities. This information is 

presented in the following manner: 

- Calculations for the moment capacity with the test day compressive strength and 

actual steel strength in section E-2. 

- Calculations for the maximum moment the member was able to resist as well as 

the maximum deflection at mid-span in section E.3. 

- Comparison of experimental results with ACI 318-14. 

 

E.2 CALCULATION OF ACI 318-14 MOMENT CAPACITY 

Notations for Figures E-1 through E-2: 

 Ab = area of No. 11 longitudinal reinforcement (in.2) 

 As = area of tensile steel reinforcement (in.2) 

 As_c = area of compressive steel reinforcement (in.2) 

 a = depth of equivalent rectangular stress block (in.) 

bw =  beam width (in.) 

Cc = force in concrete (lb) 

Cs = force in compression steel (lb) 

C = distance from the extreme compression fiber to neutral axis (in.) 

 cc_t = clear cover of tensile reinforcement (in.) 
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 cc_t = clear cover of compressive reinforcement (in.) 

d = distance from extreme compression fiber to centroid of longitudinal tension 

reinforcement (in.) 

 db = No. 11 bar diameter (in.) 

dc = distance from extreme compression fiber to centroid of longitudinal 

compression reinforcement (in.) 

 Es = modulus of elasticity of reinforcement (psi) 

 f’c = test day concrete compressive strength (psi) 

 fy = actual steel yield strength (psi) 

 h = height of the specimen (in.) 

 Mn = nominal moment capacity (lb-in) 

 N = number of longitudinal bars in tension or compression region 

 Ts = force in tension steel (lb) 

 εtop = maximum usable strain at extreme concrete compression fiber  

 εy =  yield strain of tension steel 

 εy_c = yield strain of compression steel 

β1 = factor relating depth equivalent rectangular compressive stress block to 

neutral axis depth 

 

 Figures E-1 and E-2 show the calculations that were performed to determine the 

calculated moment capacity of the specimen using ACI 318-14. The post-test calculations 

presented make use of the test-day compressive strength and actual steel yield strength. 

The capacities calculated for each specimen were then used as a comparison with the 

values for the maximum moment that the specimen was able to resist. The results of the 

calculated moment capacity showed that only AR-0 and AR-3 had maximum 
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experimental moments which met the code requirements. AR-1 and AR-2 were not able 

to reach the code required capacity.  
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Figure E-1: Calculations to find the calculated moment capacity based on test day 

material properties. 
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Figure E-2: Continued calculations to find the calculated moment capacity based on test 

day material properties. 

E.3 CALCULATION OF MAXIMUM MOMENT 

Notation for Figure E-3 and E-4: 

 a = overhang distance (in.), 38 in. (965 mm) 

 b = distance between the support and applied load (in.), 56 in (1422 mm) 

 c = distance between the applied load and midspan (in.), 72 in. (1829 mm) 

 L = total length of the specimen (in.) 
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Mmax = maximum moment at midspan (lb-in) 

P = load applied to specimen (lb) 

R.5P = reaction from the supports (lb) 

 Rtilt,sw = reaction at the tilt support due to self-weight (lb) 

Rroller,sw = reaction at the roller support due to self-weight (lb) 

wsw = self-weight of the specimen (lb per in.) 

δmidspan = displacement at the mid-span of the specimen (in.) 

δtilt = displacement at the pin support taken from the average reading from the 

linear potentiometer (in.) 

δroller = displacement at the roller support taken from the average reading from the 

linear potentiometer (in.) 

Δmidspan = calculated deflection at mid-span given by the equation below (in.) 
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Figure E-3: Calculations to find the maximum experimental moment due to applied load 

and self-weight of the member. 

Simplified 
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Figure E-4: Calculations to find the mid-span deflection based on the linear potentiometer 

displacement readings. 

E.4 COMPARISON TO CODE VALUES 

By using ACI 318-14 to calculate the moment capacity of the specimen based on 

test day values a better comparison could be made to the maximum moment the specimen 

was able to resist. Although the geometry of the member remained constant, the variables 

that created different capacities were: 1) whether or not the specimen contained a retrofit, 

2) actual compressive strength of the member, 3) steel yield strength, and 4) self-weight 

of the member.  

Table E-1: Summary of variable for each test specimen.  
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The asterisk in the maximum deflection for AR-0 indicates that during the loading 

of AR-0, the linear potentiometers at the roller support fell off at a deflection of 1.62 in. 

Therefore, the mid-span deflection could not be calculated beyond this point even though 

the member continued to experience significant deflection. 

  



 107 

References 

 

1ACI Committee 318-2014. Building Code Requirements for Structural Concrete (ACI 

318-14) and Commentary (ACI 318R-14). Farmington Hills: American Concrete 

Institute, 2014. 

2Darwin, David, LeRoay A Lutz, and Jun Zuo. “Recommended Provisions and 

commentary on Development and Lap Splice Lengths for Deformed Reinforcing 

Bars in Tension.” ACI Structural Journal Vol. 102 No. 6 (2005): 892-900 

3Aboutaha, Riyad S., Michael D. Engelhardt, James O. Jirsa, and Michael E. Kreger. 

“Experimental Investigation of Seismic Repair of Lap Splice Failures in Damaged 

Concrete Columns.” ACI Structural Journal Vol. 96 No. 2 (1991): 297-306. 

4Kim, Insung, James O. Jirsa, and Oguzhan Bayrak. “Use of carbon Fiber-Reinforced 

Polymer Anchors to Repair and Strengthen Lap Splices of Reinforced Concrete 

Columns.” ACI Structural Journal Vol. 108 No. 5 (2011): 630-640. 

5Dondrea III, Anthony Louis. “Undercut and Grouted Anchors as Post-Installed Shear 

Reinforcement.” The University of Texas at Austin. (2014). 

6Einea, Amin, Sherif Yehia and Maher K. Tadros. “Lap Splices in Confined Concrete.” 

ACI Structural Journal Vol 96 No. 6 (1991): 937-946. 

7ACI Committee 318-1971. Building Code Requirements for Reinforced Concrete (ACI 

318-71). American Concrete Institute, 1971. 



 108 

8Hawkins, Neil M, William L Gamble, Fatjon P Shkurti, and Yongqian Lin. “Seismic 

Strengthening of Inadequate Length Lap Splices.” 12th World Conference on 

Earthquake Engineering, 2000. 

9ACI Committee 408-2003. Bond and Development of Straight Reinforcing Bars in 

Tension (ACI 418-03). American Concrete Institute, 2003. 

10ASTM Standard A 615/A 615M Standard Specification for Deformed and Plain 

Carbon-Steel Bars for Concrete Reinforcement. West Conshohocken: American 

Society for Testing and Materials, 2009. 

11Jirsa, J.O. and Breen, J.E. Influence of Casting Position and Shear on Development and 

Splice Length—Design Recommendations. Austin: Center for Transportation 

Research, University of Texas at Austin, 1981. TxDOT Report 242-3F. 

12ACI Committee 355-2007. Qualification of Post-Installed Mechanical Anchors in 

concrete and Commentary (ACI 355.2-07). Farmington Hills: American Concrete 

Institute, 2007. 

13Zamora, Noel A., R.A Cook, R.C Konz, and G.R. Consolazio. “Behavior and Design of 

Single, Headed and Unheaded, Grouted Anchors under Tensile Load.” ACI 

Structural Journal Vol. 100 No. 2 (2003): 222-230. 

14Fuchs, Wener, Rolf Eligehausen, and John E. Breen. “Concrete Capacity Design (CCD) 

Approach for Fastening to Concrete.” ACI Structural Journal Vol. 91 No. 1 

(1995): 73-802. 



 109 

15Ferguson, Phil M. and Briceno, Eduardo A. “Tensile Lap Splices.” Austin: Center for 

Highway Research, University of Texas at Austin, 1969. TxDOT Report 113-2. 

16Esfahani, M. Reza and Kianoush, M. Reza. “Development/Splice Length of 

Reinforcing Bars.” ACI Structural Journal Vol. 102 No. 1 (2005): 22-30. 

17Thompson, Mark, J.O. Jirsa, J.E Breen, and D.R Meinheit. “The behavior of Multiple 

Lap Splices in Wide Sections.” Austin: Center for Transportation Research, 

University of Texas at Austin, 1975. TxDOT Report 154-1. 

 

 

 

 

 

 

 


