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ABSTRACT 

 Concrete has long been a very popular construction material.  The combination of 

strength and relative economy makes it the ideal material.  Concrete is also a very flexible 

construction material.  Concrete mixes can be modified to create greater strengths.  Its use in 

beams allow for endless combinations of sizes and spans.  Its use in slabs, especially two-way 

flat plate slabs results in a very economical and strong system. 

However, concrete is not the perfect building material.  Its weakness in tension and its 

brittle mode of failure make it very dangerous when the system is overloaded.  To remedy these 

shortcomings, reinforcing steel is often added to concrete members.  This serves to increase the 

strength and ductility of the system.  However, prior to the 1970’s, ductile reinforcing was not a 

requirement in all slab – column connection interfaces.  When a structure needs to be seismically 

upgraded or strengthened due to a change in occupancy, an effective method of retrofit needs to 

be used.  Many options already exist – both in professional practice and being developed in 

research.  However, many of these methods of possess and create their own problems. 

Three different tests – beam shear, slab direct punching, and slab reverse cyclic – were 

completed to test the feasibility of carbon fiber reinforced polymer (CFRP) headed studs as a 

method of shear retrofit.  The studs were installed in pre-drilled holes in pre-fabricated 

specimens using epoxy.  In all cases, a control specimen with no shear reinforcing was tested.  

The beams and direct punching tests included a steel shear reinforced specimen. 

The results of the beam tests show that while the results were inconclusive, the use of 

CFRP studs is promising.  With further testing, this can be confirmed.  It was found in the slab 

specimens that the use of CFRP studs resulted in slightly increased strength and significantly 

increased ductility of the system.  This shows that this method of retrofit is feasible for slabs. 
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1 INTRODUCTION 

1.1 Background 

Concrete is a very popular construction material.  Its combination of relatively low price, 

strength, and flexibility make it ideal for use, especially in large buildings.  While concrete has 

its advantages, it is not the perfect construction material.  There are properties of concrete that 

make it a very dangerous material to use. 

One of the most popular 

uses for concrete is slab 

construction.  There are many 

different concrete slab systems 

(Figures 1.3 and 1.4).  Of these 

systems, flat plate construction is 

the most economical and has seen 

a significant increase in 

popularity over the last 50 years.  

Its lower material cost, as well as ease of construction made it ideal for mid to high rise 

construction.  Flat plate systems alone do not provide any lateral load capacity.  Therefore, they 

are usually combined with moment frame or shear wall systems as a lateral load resisting system.  

Although not a part of the main lateral resisting system, columns deflect as the building deflects.  

This results in bending moment being transferred through the slab-column interface.  The most 

common failure at these interfaces is punching shear failure (Figure 1.1). 

It was not until the 1970’s that ACI requirements included provisions for ductile 

reinforcing at all connection interfaces.  It was during this time that seismic design was 

Figure 1.1:  Punching Shear After 1985 Mexico City 
Earthquake 
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introduced on a large scale.  Generally, any construction occurring prior to this does not provide 

adequate reinforcing to resist the combination of gravity and lateral loads. 

Concrete beams are another very popular method of construction.  Concrete beams are 

not constrained to standard sizes and can be modified to suit the needs of the structure.  Beams of 

any material are usually governed 

by flexural failure.  The exception 

to this rule is short span beams.  

However, concrete’s tendency to 

crack (Figure 1.2) leads to the 

requirement for shear reinforcing.  

Similar to flat plate construction, 

older construction was often 

constructed without adequate 

reinforcing to resist shear 

stresses. 

 The first property of concrete is that it is a very brittle material.  Steel, on the other hand, 

is a ductile material.  Before steel fails, it elongates when its yield strength is exceeded, giving 

advanced warning that the member is about to fail.  This is in direct contrast to concrete, which 

fails very suddenly.  One purpose that reinforcing steel serves is to give the concrete members a 

more ductile failure. 

The next property is its weakness in tension.  Flexural stresses cause tension and 

compression simultaneously in structural members.  It is because of the high tensile stresses 

resulting from moments that flexural reinforcing is required in concrete members.  While 

Figure 1.2: Shear Cracks In Beam 
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flexural reinforcing has long been a criterion in concrete design, another force that plays an 

equally large role in design was long overlooked.  In certain structural members, such as short-

span beams subjected to high loads and slabs subjected to lateral loads, shear stresses can 

potentially be more critical than flexural stresses. 

 

Figure 1.3: One-Way Slab Systems 

 

 

Figure 1.4: Two-Way Slab Systems 

1.2 Overview 

For new flat slab concrete construction, shear reinforcing is provided when necessitated 

by design forces.  The problem lies in existing buildings that were designed with little or no 

shear reinforcing.  Shear failure can be caused by a multitude of reasons including an increase in 
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loads being applied to a member, the introduction of lateral earthquake loads to a slab or even 

terrorist attack.   

Shear reinforcing serves different purposes in different structural members.  In beams, it 

is used to bridge diagonal cracks that form as a result of shear stresses developing in the member.  

Shear reinforcing in slabs is used to increase the size of the critical shear section.  There are a 

multitude of possible solutions to for retrofitting existing structural members that contain no 

shear reinforcing.  These include retrofit to improve the punching shear capacity of slab-column 

connections.  Many of these potential methods have been tested in a controlled setting.  As a 

result, it has been found that some of these retrofit methods result in problems of their own. 

The need for shear reinforcing was confirmed in a series of reverse cyclic tests that tested 

three different types of internal shear reinforcing (Lee and Robertson, 2001; Robertson et al., 

2002).  The methods of reinforcing were single and double leg stirrups and headed studs (Figure 

1.5).  A control specimen with no shear reinforcing was also tested, and experienced punching 

failure at 3.5 percent drift.  All three reinforced specimens were able to be tested up to eight 

percent drift without failing.  Each method of reinforcing produced similar strength capacities. 

One method of retrofit is to install thru-bolts in the inadequate members.  This creates a 

system similar to internal shear studs.  The main issue with this method is the method of 

installation.  Because bolt heads and nuts protrude noticeably from the top and bottom surfaces 

of the slab and to not provide a flat finish surface, it is necessary to countersink the bolt into the 

slab.  This decreases the depth of the section of the member.  While this depth is important to 

resist shear, it is also critical when determining the section modulus to resist flexural stresses.  

This is important because strengthening the member in shear will often transform the mode of 



Carbon Fiber Reinforced Polymer Studs In Shear Retrofit Applications 

Page 5 

failure of the specimen to flexure.  The larger section is needed to ensure higher moments can be 

carried by the slab-column connection. 

Another potential solution to this problem is to place sheets of carbon fiber on the slab 

surfaces (Figure 1.6).  This proved to be an effective method of retrofit for slab-column 

connections subjected to direct shear.  However, when subjected to lateral loads, the increased 

stiffness of the system results in increased bending moments in the system.  As a result, the 

punching shear stresses increased and the column punched through the slab at a lower lateral 

drift level than the unreinforced slab (Johnson and Robertson, 2001).  The increased flexural 

capacity around the column may also result in flexural failure elsewhere on the slab.  In addition, 

this method of retrofit requires a large amount of carbon fiber which produces a very costly 

system. 

A third method of retrofit tested was the fabrication of external stirrups of carbon fiber.  

Instead of drilling into the slab, each specimen had PVC pipe cast in them to create holes to 

string the CFRP strips through.  Several stirrup layouts were tested (Figures 1.7 and 1.8).  Long 

strips of carbon fiber were strung through these holes to create closed loop stirrups, similar to 

that of typical internal shear reinforcing (Figure 1.9).  This method of retrofit was tested in both 

direct punching and reverse cyclic applications.  In the direct punching application, eleven 

samples – nine retrofit and two control – were tested.  The retrofit samples showed an 

improvement in both load and deflection capacity of the slabs (Binci, 2003).  In the reverse 

cyclic application, it was found that the addition of CFRP stirrups enabled the failure mode of 

the slab-column connection to flexure.  This caused the system to act in a more ductile manner.  

It also allowed for an increase in the drift capacity of the system (Stark, 2003). 
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While this method of retrofit provided promising results, the application of the retrofit is 

very difficult.  The installation of the stirrups in a practical setting, where the CFRP must be 

threaded from the bottom to top surfaces of the slab and vice versa, can be very complicated and 

time consuming. 

 

Figure 1.5:  Slab Internal Shear Reinforcing 

 

Figure 1.6:  FRP Sheet Layouts 
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Figure 1.7:  CFRP Stirrup Layout In Direct Punching Slabs 

 

 

Figure 1.8:  CFRP Stirrup Layout In Reverse Cyclic Slabs 

 



Carbon Fiber Reinforced Polymer Studs In Shear Retrofit Applications 

Page 8 

 

Figure 1.9:  Closed Loop Stirrup Schematic 

1.3 Objective 

The objective of the following series of experiments is to determine the effectiveness of 

carbon fiber studs in flat slab shear retrofit applications.  Shear studs alleviate the problems that 

are caused by the two retrofit methods listed above.  Because the flanges of the carbon fiber 

studs are very thin, it is unnecessary to countersink the stud.  In addition, because the application 

of the carbon fiber studs is similar to that of steel reinforcing, it is much more flexible than 

carbon fiber sheets.  It is possible to install the studs in only the critical locations of the members, 

meaning the cost of materials is potentially lower. 

Three separate tests were performed to test the adequacy of these studs.  The first test is a 

beam shear test.  The second is a direct punching test of a flat plate slab.  The final test is a 

reverse cyclic test performed on a flat plate slab-column connection.  In each test, a control 

specimen with no added shear reinforcing was tested.  Specimens with steel shear reinforcing 

were also tested in beam shear and slab direct punching.  When available a comparison between 

steel and CFRP studs was made.  This comparison provides the most definitive results regarding 

the feasibility of the retrofit method. 
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2 MATERIAL PROPERTIES 

2.1 General 

Typically, when assessing the shear strength of reinforcing, the yield strength of steel is 

the determining factor.  However, carbon fiber does not yield.  As a result, the ultimate strength 

of carbon fiber is used instead. 

2.2 Concrete Properties 

The concrete strengths for each test application were as follows:  

Table 2.1:  Concrete Strengths 

 

 The material properties for the beam tests were lost.  Therefore, the compressive strength 

of the concrete used for all theoretical values are assumed. 

2.3 Steel Properties 

Reinforcing steel used in beam and slab specimens was ASTM A615, Grade 60, Type 2 

deformed bars.  All steel used has an assumed nominal tensile yield strength of 60 ksi. 

2.4 Carbon Fiber Properties 

All carbon fiber tensile properties were tested in accordance with ASTM D 3039/D 

3039M – Standard Test Method for Tensile Properties of Polymer Matrix Composite Materials.  

All test specimens were retrofitted with studs fabricated with SikaWrap Hex 103C.  All physical 

properties presented are manufacturer reported properties for CFRP cured and laminated with 

Sikadur 300 Epoxy. 
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Ultimate Tensile Strength:  123 ksi 

Tensile Modulus:  10,240 ksi 

Ultimate Tensile Strain:  1.12% 

FRP will always fail at a lower load under long term loading than it would under short 

term loads.  As a result, standard practice dictates that design tensile strength be taken as 50-60 

percent of the ultimate tensile strength (ACI 440R-96). 
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3 CFRP STUD FABRICATION 

3.1 Stud Fabrication 

Two sets of rectangular sheets were cut from a roll of carbon fiber.  One set was 11” x 

2.25”.  These sheets were tightly rolled into 1/4-inch diameter bundles (Figure 3.1, Step 1) and 

wrapped in plastic shrink wrap.  One end of the shrink wrap was then removed to expose the 

bare fibers (Figure 3.2, Step 2).  The second set of rectangular sheets of carbon fiber 2” x 3”.  

Two sets of these smaller sheets were cut.  Both sets were the same dimensions but the 

orientation of the threads were opposite between the two sets (Figure 3.1, Steps 4 and 6).   

Sikadur 300 epoxy was then mixed at a 3-to-1 (Part A to Part B) ratio by weight and 

mixed using a drill mixer for three minutes.  The metal stud forms were then coated with form 

release.  The free end of the stud was saturated with the Sikadur 300 epoxy and pulled through 

the stud forms.  The studs were pulled just far enough that the free end of the stud was still 

exposed (Figure 3.1, Step 3).  The first rectangular sheet was saturated with the epoxy and the 

free end of the fibers was threaded through the sheet (Figure 3.1, Step 4).  The free end fibers 

were then splayed in all directions (Figure 3.1, Step 5).  A rectangular sheet with the opposite 

fiber orientation from the first sheet was saturated with epoxy and placed over the splayed fibers 

(Figure 3.1, Step 6).  The stud forms were then fastened using the provided pins and screws.  The 

forms were then placed on a baking sheet and baked in an oven at 250 degrees F for 24 hours.  

After baking, the studs were removed from the forms.  The flanges of the stud were ground into 

circles using a belt grinder (Figure 3.3). 
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Figure 3.1: Stud Fabrication Process 

 

Figure 3.2:  Stud Form 

 

 

Figure 3.3:  Final Product 

 

3.2 Stud Installation 

Reinforcing bars in the slab were located using a reinforcing locator.  Location of the bars 

was marked on the surface of the slab with chalk.  The layout of the studs was then determined 

based on the location of the reinforcing bars.  Three-eighths inch diameter holes were then 
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drilled into the slab.  Special care was taken to ensure that no reinforcing was damaged during 

drilling.  The top surface of the slab was roughened using a needle gun.  This was done to ensure 

that a good bond was formed between the concrete surface and the carbon fiber sheets.  The 

corners of the holes were rounded off on the top surface.  This ensured that the sharp corners of 

the hole would not cut into the fibers during testing, causing a premature failure (Figure 3.4, Step 

1). 

Sikadur 30 epoxy paste was then mixed at a 3-to-1 (Part A to Part B) ratio by volume.  

Sikadur 300 epoxy was also mixed at a 3-to-1 ratio (Part A to Part B) ratio by weight.  Each 

epoxy was mixed using a drill mixer for three minutes.  Sikadur 30 paste was applied to the 

flange of the stud.  The stud was then threaded through the pre-drilled hole from the underside of 

the slab (Figures 3.4, Step 2, 3.5 and 3.6).  The shrink wrap was removed from each exposed 

stud end, exposing the loose fibers (Figure 3.4, Step 3).  Long strips of carbon fiber were 

saturated with Sikadur 300 and placed on both sides of each row of studs (Figure 3.4, Step 4).  

All fibers used need to have the same orientation.  All fibers were saturated with the Sikadur 300 

epoxy.  All remaining voids were filled with the epoxy as well.  The free fibers were then 

splayed in all directions (Figures 3.4, Step 5, and 3.7).  A large sheet of carbon fiber was then 

placed over the splayed ends.  The fiber orientation was the opposite of the fibers of the strips 

previously placed (Figures 3.4, Step 6, and 3.8).  The epoxy was allowed to cure for a week 

before testing. 
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Figure 3.4:  Installation Procedure 

 

Figure 3.5:  Installation Plan Views 
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Figure 3.6:  Stud Layout Beneath Slab 

 

Figure 3.7:  Stud Layout Top Of Slab 

 

Figure 3.8:  Splayed Fibers 
 

Figure 3.9:  Final Product 
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4 BEAM SHEAR TEST 

4.1 Test Description 

Beams are integral structural members.  It is natural to test the carbon fiber studs in a 

beam application.  Shear reinforcing in beams are used to bridge cracks caused by shear stresses 

in the member.  Spacing of shear reinforcing is determined by the amount of studs needed to 

keep the concrete from coming apart.  The spacing is also limited by the code spacing 

requirement of
2

d
s  . 

4.1.1 Test Setup 

In this test, three different samples were fabricated and tested.  All of the beams were 

proportioned the same.  Each specimen was two feet in length and had a six-inch by six-inch 

cross section (Figure 4.1).  The difference between each sample was the shear reinforcing 

provided.  The first sample included only flexural reinforcing.  This acts as a control test.  The 

second member contained the same flexural reinforcing and #3 steel stirrups spaced at two-

inches on centers.  Steel stirrups are the typical method of shear reinforcing in new beam 

construction.  The third member was fabricated with flexural reinforcing only, but was retrofitted 

with 1/4-inch diameter carbon fiber studs at two-inches on centers (Figure 4.2).  The results from 

this test can be compared to the results of the steel stirrups to determine the effectiveness of the 

carbon fiber studs in comparison to the typical method of reinforcing. 
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Figure 4.1:  Beam Sample Dimensions 

 

Figure 4.2:  Stud Layout in Beam 

4.1.2 Test Procedure 

Each member was subjected to the same test.  The beams were roller supported on each 

end of a 24-inch span and subjected to a two-point loading condition at third points (Figure 4.3).  

Downward load was applied using a hydraulic ram.  Each specimen was loaded using the ram in 

the two post frame shown in Figure 4.3.  When the capacity of the frame was reached, the beams 

were moved to a larger testing apparatus and were loaded until failure (Figure 4.4). 

 

Figure 4.3:  Beam Shear Test Setup 

 

Figure 4.4:  Beam Shear Failure 

 



Carbon Fiber Reinforced Polymer Studs In Shear Retrofit Applications 

Page 19 

4.2 Theoretical Test Results 

4.2.1 General 

The shear capacity of a beam is calculated in two components as described in ACI 318-

05.  The first is the shear capacity of the concrete section alone.  This can be expressed with the 

following equation: 

bdfV cc '2  (ACI 318-05; Eq. 13-3) 

The second component is the shear capacity of the reinforcing, which is determined by 

finding the tensile yielding capacity of the steel.  This can be determined using the following 

equation: 

bdf
s

dfA
V c

yv
s '8  (ACI 318-05; Eq. 13-5) 

Similarly, the carbon fiber studs fail in tensile rupture.  Standard practice allows that 50-

60 percent of the short term ultimate strength of carbon fiber is used in determining the capacity 

of the shear reinforcing.  For the purpose of this discussion, the lower end limit will be 

considered (ε = 0.5).  This is expressed with the following equation: 

bdf
s

dfA
V c

FRPuv
FRP '8, 


 (ACI 318-05; Eq. 13-5) 

The total nominal shear capacity is determined using the equation: 

)( FRPscn VVVV   

Using the previous equations, the theoretical values of each specimen can be determined.  

The shear capacity of the beam is one-half of the total load applied to the beam.  Shear capacities 

should be doubled to determine the theoretical applied load to require failure. 
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4.2.2 Unreinforced Beam 

445525.5*6*50002  cn VV pounds 

89104455*2*2  nMAX VP pounds 

4.2.3 Steel Reinforced Beam 

445525.5*6*50002 cV pounds 

34650
2

25.5*60000*22.0
sV  pounds 

 1781925.5*6*50008'8 cf pounds 

22274178194455 nV  pounds 

4454822274*2*2  nMAX VP pounds 

4.2.4 Carbon Fiber Reinforced Beam  

445525.5*6*50002 cV pounds 

15869
2

25.5*)123200*5.0(*05.0*2
FRPV  pounds 

 1781925.5*6*50008'8 cf pounds 

19320158693451 nV  pounds 

3864019320*2*2  nMAX VP pounds 

4.3 Actual Test Results 

The results of the beam shear tests are shown in Figure 4.5.  The graph shows the load 

applied to each specimen and the corresponding deflection in the beam resulting from the load.  

From these results, a comparison between the strengths and corresponding deflection prior to 

failure of each beam can be made.  Included in the graph are the theoretical capacities of each 

beam. 

All three specimens show similar strengths.  The unreinforced sample far exceeded the 

theoretical capacity.  The specimen failed at approximately 47.6 kips.  This result is about 500 

percent over the theoretical capacity.  It is expected that actual capacities exceed theoretical 

capacities due to the conservative nature of the ACI design equations.  Because concrete’s tensile 
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capacity is very difficult to predict, the standard design equations allow for relatively low 

capacity before reinforcing steel is required.  The two reinforced samples shows very similar 

behavior when subjected to the two point loading test.  These samples both exceeded their 

corresponding theoretical capacities as well as the loading capacity of the two post testing 

apparatus.  The specimens were moved to an apparatus with a higher capacity and loaded until 

failure.  Unfortunately, the results of the continuation of the test were lost. 

Because of insufficient data from the second round of loading on the reinforced 

specimens, there can be no meaningful conclusions drawn regarding the ductility of the two 

members. 

 

Figure 4.5:  Beam Shear Capacity 
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5 SLAB DIRECT PUNCHING TEST 

5.1 Test Description 

One common cause of punching shear failure in slabs is the increase of gravity loads 

applied to the system.  This can occur as a result of changing the usage of the building, thus 

increasing the live load requirements.  Failure in a flat plate slab occurs when the column 

“punches” through the slab.  The shear capacity of the slab is proportional to the shear perimeter, 

generally taken as d/2 from the face of the column in all directions (ACI 318-05).  When adding 

shear reinforcing to the slab-column interface, it increases the critical shear area.  It also 

transforms the shape of the critical area (Figure 5.1).  The inclusion of reinforcing in the slab 

also adds the capacity of the shear reinforcing contained within the critical area. 

 

Figure 5.1: Critical Shear Sections 

5.1.1 Test Setup 

Three specimens of equal dimensions were fabricated and tested.  Each slab was six-feet 

by six-feet by six-inches thick.  The first specimen was a control specimen that contained no 
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shear reinforcing.  The second test contained #2 steel closed hoop stirrups, typically found in 

new construction.  The final specimen was retrofitted with carbon fiber studs.  The final two 

specimens will be compared to determine the effectiveness of the carbon fiber studs.  In a typical 

concrete structure, loads are applied to the slab surface and transferred through beams to the 

columns. 

The spacing of the studs was determined by the ACI 318 maximum of d/2.  For the direct 

punching test, the spacing of the carbon fiber studs was limited to three inches on centers. 

5.1.2 Test Procedure 

When testing, the slab was inverted and its edges were supported.  The load was applied 

directly to the bottom of the column (Figure 5.2).  The load applied to the column with a 

hydraulic ram was steadily increased until the punching of the slab occurred (Figure 5.3).   

 

Figure 5.2:  Slab Direct Punching Test 
Setup 

 

Figure 5.3:  Slab Direct Punching Test 
Failure (After Turning Right Side Up) 

 

5.2 Theoretical Test Results 

Punching failure in the direct punching specimen is caused by the direct shear forces 

acting on a slab-column connection.  The stresses are evaluated within the critical section (d/2) 
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around the column.  The value d represents the distance between the compression surface of the 

slab and the top of tensile steel. 

5.2.1 Stresses 

The ultimate shear stress acting on the critical section is determined by the following 

equation: 

c

u
u A

V
  

where Ac is the area of the critical section and is represented in the following equation: 

)2(2 21 dccdAc   

5.2.2 Allowable Stresses 

The allowable concrete shear stress is defined as the least of the following equations: 

')
4

2( c
c

c f


   (ACI 318-05; Eq. 11-33) 

where βc is the ratio of the long side and short side of the column. 

')2( c
o

s
c f

b

d



  (ACI 318-05; Eq. 11-34) 

where αs equals 40 for interior columns, 30 for edge columns, or 20 for corner columns.  For the 

purposes of this discussion, the column tested is considered to be an interior column (αs = 40). 

The value bo is the perimeter of the critical section and is expressed by the following equation: 

 )2(2 21 dccbo   

'4 cc f  (ACI 318-05; Eq. 11-33) 
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When shear reinforcing is provided, the shear stress resisted by the concrete is reduced by 

50 percent.  The difference is then resisted by any shear reinforcing in the system, in this case, 

carbon fiber headed studs.  The shear capacity of the steel stirrups is determined using the 

following equation: 

s

dfA
V yv

s   (ACI 318-05; Eq. 13-5) 

The shear capacity of the carbon fiber studs is determined using the following equation: 

s

dfA
V FRPuv

FRP
,

  (ACI 318-05; Eq. 13-5) 

where Av is the cross sectional area of the legs of all shear reinforcing elements within the 

critical section, fy is the yield stress of the steel reinforcement, fu,FRP is the ultimate tensile 

strength of the carbon fiber reinforcement, and s is the spacing of the between shear reinforcing 

elements.  Standard practice allows that 50-60 percent of the short term ultimate strength of 

carbon fiber is used in determining the capacity of the shear reinforcing.  For the purpose of this 

discussion, the lower end limit will be considered (ε = 0.5). 

 The nominal shear stress capacity of the shear reinforcing is represented as: 

 
db

V

o

s
s   

Finally, the total shear stress capacity of the concrete and shear reinforcing is expressed 

in the following equation: 

s
c

n  
2
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The shear capacity of the system has an upper limit of '6 cf .  The total shear capacity of 

the slab-column connection is determined by: 

dbV onn   

5.2.3 Unreinforced Slab 

25.320)25.5*21010(*25.5*2 cA in2 

61)25.5*21010(2 ob  in 

4024500)
)10/10(

4
2( c  psi 

3654500)2
61

25.5*40
( c  psi 

26845004  cn   psi (Controls) 

8593225.5*61*268 nV  lb 9.85  kips 

5.2.4 Steel Reinforced Slab 

268c  psi 

41233
3

25.5*60000*05.0*2*4
sV  lb 

129
25.5*61

41233
s  psi 

263129
2

268
n  psi (Controls) 

40245006max, n  psi 

8414725.5*61*263 nV  lb 1.84  kips 

5.2.5 Carbon Fiber Reinforced Slab 

268c  psi 

42333
3

25.5*123200*5.0*05.0*2*4
FRPV  lb 

132
25.5*61

42333
FRP  psi 
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266132
2

268
n  psi (Controls) 

40245006max, n  psi 

8529925.5*61*266 nV  lb 3.85  kips 

5.3 Actual Test Results 

The results of the direct punching tests are shown in Figures 5.4 through 5.7.  The graph 

shows the load applied to each specimen and the corresponding deflection in the slab resulting 

from the load.  From these results, a comparison between the strengths and corresponding 

deflection prior to failure of each slab can be made.  Included in the graph are the theoretical 

capacities of each specimen. 

The theoretical capacities of all specimens were very similar.  The actual capacities of 

each specimen were similar as well.  The unreinforced sample failed at approximately 86.2 kips.  

The steel reinforced sample failed at 78.3 kips.  The CFRP retrofitted sample failed at 89.1 kips.  

These results show that in terms of strength, the CFRP retrofitted sample performed better than 

the other specimens.  While the steel reinforced and CFRP retrofitted slabs had similar 

theoretical capacities, the CFRP retrofitted specimen actually carried 10.8 kips more load. 

The method of failure of the system is also important to explore.  The unreinforced slab 

experienced a very non-ductile failure.  The reinforced samples showed significantly improved 

ductility over the unreinforced specimen. 
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Figure 5.4: DP1 – CFRP Studs 

 

Figure 5.5: DP2C – No Shear Reinforcing 
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Figure 5.6:  DP3S – Closed Hoop Stirrups (Un-Deformed #2 Bars) 

 

Figure 5.7:  Direct Punching Slab Comparison 
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6 SLAB REVERSE CYCLIC TEST 

6.1 Test Description 

Another common punching shear failure in slabs is due to lateral loads during an 

earthquake.  Lateral loads cause buildings to sway.  The more a building deflects the more loads 

the lateral system experiences.  Concrete floor slabs act as rigid diaphragms that distribute the 

lateral loads to the lateral force resisting system.  Typically, stresses are highest at the 

slab/column interface.  As a result, similar to direct punching, the column punches through the 

slab.  In taller buildings, this can cause progressive collapse, where one floor falls on the one 

below. 

Drift is defined as the lateral deflection of a level in a structure minus the lateral 

deflection of the level below.  Building codes allow for a prescribed maximum deflection that is 

a percentage of the height of the level in the building.  Structures are designed to resist the worst 

case drift and load that result from a seismic event. 

6.1.1 Test Setup 

Because the mechanics of the failure are different from direct punching, it is important to 

check the carbon fiber stud retrofit system in a lateral application.  The type of test performed to 

determine this is a reverse cyclic test.  Two specimens were tested.  Each specimen was a slab-

column connection found in a typical flat plate building with shear walls (Figure 6.1).  The slab-

column connections tested are a half scale model of those found in the prototypical building 

(Figure 6.2).  The slab dimensions were nine-feet by ten-feet by 4.5-inches thick.  The first was 

the control specimen that contained no additional shear reinforcing.  The control slab was 

constructed from 6,500 psi concrete.  The second slab was retrofitted with the carbon fiber studs.  

The retrofit slab was constructed using 4,000 psi concrete.  No specimen with typical steel shear 

reinforcing was tested. 
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Figure 6.1:  Prototypical Building 

 

Figure 6.2:  Slab-Column Subassembly 

 

 

The spacing of the studs was determined by the ACI 318 maximum of d/2.  This value 

corresponds to the distance to the shear perimeter from the nearest row of shear reinforcing.  For 

the reverse cyclic test, the spacing of the carbon fiber studs was limited to 2-inches on centers. 

The compressive strength of the concrete used in each sample was different.  Because of 

this, more dead load was applied to the stronger slab.  The load was proportioned so that the 

direct punching shear stresses (
c

g
g A

P
 ) acting upon each slab were relatively similar.  Total 

applied load includes the self weight of the test specimen. 

Table 6.1:  Gravity Shear Ratios 
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Figure 6.3:  Test Setup 

6.1.2 Test Procedure 

The lateral load was applied to the top of the column (Figure 6.3).  Seismic loads never 

occur in just one direction so to get an accurate representation of a seismic event, the system 

must be subjected to the reversal of loads.  The hydraulic ram shown in the test setup was used to 

push the top of the column to a predetermined deflection point.  The load was then reversed and 

the column was pulled to the same deflection point in the opposite direction.  Each time the 

column was pushed and pulled is called a cycle.  The column was subjected to three cycles at 

each deflection value.  When testing the slab past 5% drift, the system was subjected to loads in 

one direction only due to the physical limitations of the test setup.  The test routine is shown in 

Figure 6.4. 

As the slab – column interface weakens, the system will shed load.  This means that the 

load supported by the column is distributed to adjacent supports.  In this case, the supports are 

the load rods.  Because of this, after each cycle, each load rod was adjusted so it supported little 
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to no load.  Each specimen was tested until the system experienced a punching failure (Figure 

6.6), or the maximum drift attainable from the test setup was exceeded. 
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Figure 6.4:  Reverse Cyclic Test Routine 
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Figure 6.5:  Slab Reverse Cyclic Test Setup 

 

Figure 6.6:  Slab Reverse Cyclic Test 
Failure 

6.2 Theoretical Test Results 

Punching failure in the reverse cyclic specimen is caused by a combination of direct shear 

and unbalanced moments acting on a slab-column connection.  The stresses are evaluated within 

the critical section (d/2) around the column.  The value d represents the distance between the 

compression surface of the slab and the top of tensile steel. 

 

Figure 6.7:  Shear and Moment Transfer at Interior Slab – Column Connection 

6.2.1 Stresses 

The unbalanced moment acting on the slab is assumed to be a combination of flexural 

stress and eccentric shear stress acting on the critical section (Figure 6.7).  The shear element of 

the unbalanced moment is determined by multiplying the ultimate moment (Mu) by γv.  The 

value γv is represented by the following equation: 
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fv  1  (ACI 318-05; Eq. 11-39) 

2

1

3

2
1

1

b

b
f



  (ACI 318-05; Eq. 13-1) 

where b1 is the dimension of the critical section in the direction of bending and b2 is the 

dimension of the critical section perpendicular to the direction of bending.  The rest of the 

moment is transferred through flexure and is determined by multiplying the ultimate moment 

(Mu) by γf. 

The ultimate shear stress acting on the critical section is determined by the following 

equation: 

c

uv

c

u
u J

cM

A

V    

Ac is the area of the critical section, Jc is the polar moment of inertia of the critical section, 

and c is the distance between the centroid and edge of the critical section.  Each of these values is 

represented in the following equations: 

)2(2 21 dccdAc   
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6.2.2 Allowable Stresses 

The allowable concrete shear stress is defined as the least of the following equations: 
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   (ACI 318-05; Eq. 11-33) 

where βc is the ratio of the long side and short side of the column. 

')2( c
o

s
c f

b

d


  (ACI 318-05; Eq. 11-34) 

where αs equals 40 for interior columns, 30 for edge columns, or 20 for corner columns.  The 

value bo is the perimeter of the critical section. 

'4 cc f  (ACI 318-05; Eq. 11-33) 

When shear reinforcing is provided, the shear stress resisted by the concrete is reduced by 

50 percent.  The difference is then resisted by any shear reinforcing in the system, in this case, 

carbon fiber headed studs.  The shear capacity of the studs is determined using the following 

equation: 

s

dfA
V FRPuv

FRP
,

  (ACI 318-05; Eq. 13-5) 

Av is the cross sectional area of the legs of all shear reinforcing elements around a perimeter 

parallel to the critical section, fy is the yield stress of the shear reinforcement, and s is the spacing 

of the between shear reinforcing elements.  Standard practice allows that 50-60 percent of the 

short term ultimate strength of carbon fiber is used in determining the capacity of the shear 

reinforcing.  For the purpose of this discussion, the lower end limit will be considered (ε = 0.5).   

 The nominal shear stress capacity of the shear reinforcing is represented as: 
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Finally, the total shear stress capacity of the concrete and shear reinforcing is expressed 

in the following equation: 

s
c

n  
2

 

The shear capacity of the system has an upper limit of '6 cf .  The theoretical lateral 

capacity can be determined by: 

6.2.3 Unreinforced Slab 
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 7566
5.475.27*2

453955



uP  lb 57.7  kip 

6.2.4 Carbon Fiber Reinforced Slab 
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2994000)2
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25340004  cn   psi (Controls) 
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6.3 Actual Test Results 

The results of the reverse cyclic test create a hysteretic plot (Figures 6.8, 6.9, and 6.10).  

The data shows a relationship between the drift level of the column and corresponding lateral 

load applied by the hydraulic ram.  The comparison of the retrofit specimen to the plain 

specimen will provide important insight into effectiveness of the carbon fiber retrofit in seismic 

applications.  Each hysteretic plot yields a hysteretic backbone (Figure 6.11).  The backbone is 

simply the maximum drift attained at each cycle.  The backbone provides a clearer figure to 

determine the maximum capacity of each specimen. 
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Structural failure is defined as a 20 percent loss of capacity.  Using this criterion and by 

comparing the hysteretic backbones of each specimen, the point of failure for each slab can be 

determined.  The unreinforced specimen shows a clear failure between negative two to three 

percent drifts.  The maximum lateral load resisted was 8.08 kips at 2.81 percent drift.  The 

reinforced specimen failed at ten percent drift.  However, the failure was not a punching failure 

but a flexural failure.  The maximum lateral load resisted 8.39 kips at 4.85 percent drift.  Both 

specimens had approximately the same lateral load capacities, with the reinforced specimen 

being a little stronger. 

The ductility of each slab must also be considered.  While the unreinforced specimen 

underwent a sudden, non-ductile failure, the retrofitted specimen experienced a more gradual 

failure.  This shows that the CFRP stud retrofit improved the ductility of the slab-column 

connection. 
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Figure 6.8: Hysteretic Plot with Backbone (No CFRP Studs) 

 

Figure 6.9:  Hysteretic Plot with Backbone (CFRP Studs) 
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Figure 6.10:  Combined Slab-Column Connection Hysteretic Plot 

 

Figure 6.11:  Reverse Cyclic Backbones 
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7 DISCUSSION 

7.1 General 

The performance of the various test specimens that were retrofitted with carbon fiber 

studs compared to the control specimens provide a very good indicator of the feasibility of using 

carbon fiber studs to retrofit existing construction.  ACI 318 formulas do not allow for significant 

increase in strength for slabs with shear reinforcing.  It can be expected that the retrofitted 

members will have similar maximum capacities as members with no shear reinforcing.  

However, maximum load is not the only variable that needs to be taken into account when 

deciding if it is a good method of retrofit.  Ductility is a very important aspect of seismic design.  

Increased ductility in structural members gives advanced warning of failure and provides extra 

time for patrons to leave the building before collapse.  To be considered a feasible method of 

retrofit, the strength and ductility of the retrofitted slabs have to be similar to that of the slabs 

containing traditional shear reinforcement. 

7.2 Beam Shear Test 

The two retrofitted specimens had not experienced failure prior to the testing apparatus 

reaching its maximum load limits.  The unreinforced beam far exceeded its theoretical capacity 

prior to failure.  While it is normal for load tests to produce results that exceed the theoretical 

estimates, an increase in capacity of over 500 percent is not a realistic result.  By comparing the 

samples with steel and CFRP shear reinforcing, it can be observed that the two members behaved 

very similarly. 

7.3 Slab Direct Punching Test 

The direct punching slab test resulted in the CFRP retrofitted specimen having the 

highest load capacity.  The unreinforced and CFRP retrofitted specimens had actual capacities 

very similar to the theoretical values.  The CFRP retrofitted slab showed much greater ductility 
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than the unreinforced slab.  It showed ductility comparable to the steel reinforced slab.  The steel 

reinforced slab had a maximum load capacity that was lower than the theoretical estimate.  This 

can be explained by examining the depth of the slab.  Because the vertical legs of the stirrups are 

short, it is difficult to sufficiently anchor internal stirrups in the slab.  Since the introduction of 

stud rail shear reinforcement, stirrups are rarely used in slab construction. 

7.4 Slab Reverse Cyclic Test 

The reverse cyclic tests show that the CFRP retrofitted specimen had slightly higher load 

capacity than the unreinforced slab.  However, the CFRP specimen’s capacity did not achieve the 

theoretical strength based on ACI 318 estimates.  The retrofitted slab maintained its strength and 

did not experience punching failure.  After cycling to ten percent lateral drift, the load capacity 

had decreased to eighty percent of the peak strength, indicating a ductile flexural failure.  By 

contrast, the unreinforced slab experienced sudden punching failure at approximately three 

percent drift.  These results are desirable when determining whether or not CFRP studs are a 

feasible method of retrofit for deficient slab – column connections. 

While the retrofit specimen did not reach its theoretical strength, a study of the slab 

failure shows that only one headed stud had failed.  This shows that the failure was not because 

the CFRP studs failed.  The failure of the retrofitted specimen is likely due to the slab reaching 

its flexural capacity. 
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8 SUMMARY AND CONCLUSIONS 

A series of tests were conducted to determine the feasibility of using Carbon Fiber 

Reinforced Polymer (CFRP) studs in beam and slab-column retrofit applications.  Beam 

specimens were subjected to increasing gravity load and tested until failure.  The slab – column 

connections were tested in both direct punching and cyclic applications.  The slab – column 

connections of the direct punching specimens were loaded until failure occurred.  Lateral load 

was applied to the top of the column of the reverse cyclic specimens.  These slabs were tested 

until failure occurred or the capacity of the testing apparatus was reached. 

The following observations are made based on the results of the various tests performed. 

For the beam shear tests: 

 The specimen retrofitted with CFRP headed studs behaved comparably to the specimen 

reinforced with steel stirrups. 

 The specimen retrofitted with CFRP headed studs surpassed its theoretical strength prior 

to failure. 

For the slab direct punching tests: 

 Retrofitting the slab-column connection with CFRP headed studs increased the strength 

of the connection when compared to the control specimen, although not significantly.  

 The CFRP retrofitted specimen exceeded its theoretical strength prior to failure. 

 Using CFRP headed studs increased the ductility of the slab-column connection 

undergoing direct shear, allowing for more deflection prior to failure. 
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For the slab reverse cyclic test: 

 The CFRP headed studs increased the lateral load capacity of the slab-column connection 

when compared to the unreinforced specimen, although not significantly. 

 Retrofitting the slab with CFRP headed studs resulted in a significant increase in lateral 

drift capacity. 

 The retrofitted slab did not reach its theoretical lateral load capacity prior to failure. 

 The retrofitted slab did not experience catastrophic failure.  It instead experienced a 

ductile flexural failure.  The control sample did experience punching failure. 

Based on these observations, the following conclusions are drawn. 

 CFRP headed studs are a feasible method of retrofit of slab-column connections 

subjected to direct shear and lateral loads. 

 CFRP headed studs prevented punching shear failures and improved the ductility of slab 

– column connections 

 The concept of using CFRP headed studs in beam shear applications is promising.  With 

further research, this can be confirmed. 
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9 APPENDIX 1 

 

Figure 9.1: Beam Specimen with No Shear Reinforcing 

 

Figure 9.2:  Beam Specimen with Steel Reinforcing 

 

Figure 9.3:  Beam Specimen with Carbon Fiber Reinforcing 



Carbon Fiber Reinforced Polymer Studs In Shear Retrofit Applications 

Page 48 

 

Figure 9.4:  Direct Punching Slab Top Reinforcing with Stirrups 

 

Figure 9.5:  Direct Punching Slab Bottom Reinforcing with Stirrups 
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Figure 9.6:  Direct Punching Slab Top Reinforcing with Studs 

 

Figure 9.7:  Direct Punching Slab Bottom Reinforcing with Studs 
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Figure 9.8: Reverse Cyclic Slab Top Reinforcing with Studs 

 

Figure 9.9: Reverse Cyclic Slab Bottom Reinforcing with Studs 
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Figure 9.10: Reverse Cyclic Slab Load Rod and Gravity Load Location 
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