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Abstract 

Reinforced concrete flat slab construction is used throughout the world as an 

economical structural system for many building applications.  In moderate to high seismic 

areas, the low lateral resistance of flat slab systems generally requires a more rigid structural 

system, such as a shear wall or moment resisting beam-column frame, to provide lateral 

strength and stiffness.  During a seismic event, it is possible that individual slab-column 

connections will be damaged while the overall system survives.  It is therefore necessary to 

develop simple and efficient repair techniques for these connections.   

In addition, many older flat slab buildings do not have adequate lateral strength or 

ductility to resist anticipated seismic demands.  Generally the overall structural performance 

of these buildings is improved by the addition of bracing or shear walls.  However, individual 

slab-column connections may also require retrofit to prevent premature punching failure and 

possible progressive collapse.  Simple and unobtrusive retrofit techniques are needed for 

application to these buildings. 

Two series of tests were performed to determine the potential for using Carbon Fiber 

Reinforced Polymer (CFRP) for the seismic repair and retrofit of reinforced concrete flat 

plate slab-column connections.  The first series of tests used epoxies and CFRP to repair 

three slab-column connections that were significantly damaged during previous cyclic lateral 

loading.  These specimens were re-tested using the same lateral loading routine.  The second 

series of tests applied cyclic lateral loading to undamaged slab-column connections 

retrofitted with CFRP. 

These tests show that the use of CFRP as a repair and retrofit application for slab-

column connections has some advantages and disadvantages.  Generally the strength and 

stiffness of a connection can be increased, but with a potential reduction in ductility. 
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Chapter 1 

Introduction 

1.1 General 

There are several types of floor systems that can be designed using cast-in-place 

concrete construction for multiple story buildings.  These systems can be placed into two 

major groups: one-way systems and two-way systems.  One-way systems include: one-

way slab and beam; skip-joist; and standard pan-joist ribbed slabs (see Figure 1.1—One-

way Floor Systems).  Two-way systems include: flat plate (no drop panels or capitals); 

flat slabs (with drop panels and /or column capitals); two-way slab on beams; and waffle 

slab (see Figure 1.2—Two-way Floor Systems).   

 
Figure 1.1—One-way Floor Systems. 

Of these seven types of floor system, flat plate construction is often the most 

economical, particularly for short span conditions such as hotels and condominiums.  

These slabs have many advantages.  The construction costs are low because of the 

simplicity of the formwork.  The depth of the structural floor system is at a minimum, 

which reduces the floor-to-floor height within the building.  This reduces lateral loads 

acting on the system, as well as reducing mechanical, electrical, and HVAC costs.  The 

reduced story height can allow for a shorter overall building or more floors can be added 

to increase available floor space.   

1 



 

Figure 1.2—Two-way Floor Systems 

The economy of flat plate buildings has lead to their wide spread utilization 

throughout the world.  They are used in 

apartments, hotels, and office buildings.  

However, flat plate buildings have often 

experienced problems in lateral loading events, 

particularly seismic events.  Flat plate systems 

generally rely on shear walls or other primary 

bracing systems to restrict the lateral motion and 

inter-story drift.  However, there will still be 

inter-story drift, which can induce significant 

bending and shearing forces in the slab-column 

connections.  In these events, the most common 

mode of failure at the slab-column connections is 

a punching shear failure.  The punching failure can occur with little or no warning and 

 
Figure 1.3—Punched Slab to Column 

Connections in 1985 Mexico City 
Earthquake 
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can lead to the collapse of a large area of the floor system and possibly a progressive 

collapse of the entire structure (see Figure 1.3).  In the 1985 Mexico City earthquake, 44 

flat plate buildings were severely damaged and 91 collapsed due to punching failure 

(Ghali et al.  2000).   

1.2 Punching Failure Issues  

Punching failure can result from two different loading conditions; excessive 

gravity loading around a slab-column connection (pure shear) or a combined gravity 

loading and lateral loading due to wind or earthquake (shear and flexure interaction).  In 

the first case, the gravity load being transferred from the slab to the column causes direct 

shear stresses, which are greater than the shear capacity of the slab concrete.  In the 

second case, the gravity load causes similar shear stresses and the lateral deflections 

cause an unbalanced moment that contributes additional shearing stress. Punching occurs 

when the total shear stress exceeds the concrete shear capacity.  The punching caused by 

shear and flexure is the primary failure mode being investigated in this study.   

This failure mode has three issues that must be addressed: punching resistance, 

ductility and energy absorption of the connection.  Punching resistance is the 

connection’s ability to sustain an induced shear stress.  In this study, ductility refers to the 

maximum inter-story drift that a connection can sustain before punching failure occurs.  

Finally, energy absorption refers to the amount of energy that a connection can absorb 

through cracking and yielding—which increases damping and helps the structure's 

resonant frequency to migrate away from the frequency of the vibratory event that is 

causing damage.   
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1.3 Literature Review 

Many studies have been performed to address the issues of flat plate punching 

resistance.  In June 2000, the International Workshop on Punching Shear of Reinforced 

Concrete Slabs was held at the Royal Institute of Technology, Stockholm, Sweden.  A 

total of 54 new papers were submitted into the proceedings, most of them addressing the 

direct punching resistance of slabs.  This research activity has, over the years, helped 

change building codes around the world to prevent this type of failure from occurring.  

For example, in 1971, the American Concrete Institute adopted a change to their code 

(ACI 318-71), to require continuous bottom reinforcement through the column at slab-

column connections.  This change was intended to prevent progressive collapse once a 

punching shear failure occurred.   

Several techniques have also been developed to prevent punching of these 

connections.  Some of these mitigating techniques include: drop panels; shear capitals; 

use of slab shear reinforcement; and use of higher design compressive strength of the 

concrete.  These techniques help to prevent brittle punching failure, but the damage 

inflicted during cyclic lateral loading is still significant—often enough to have to 

demolish the building.  These mitigation techniques are good for use in new buildings 

being designed to prevent progressive collapse, however, all of these methods require a 

significant labor-intensive preparation and cost to retrofit existing buildings.  Farhey, et 

al. reported that “the practicability of the method [of repair or retrofit]…could encourage 

private initiatives for commercialization of the system.  Further, severe earthquakes 

require the mass repair of damaged buildings, which are still structurally and 

economically worth saving.  Consequently, the development of practical repair and 
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upgrading methods has become vital for the rapid return to normal life and preparedness 

for possible future earthquakes” (Farhey et al. 1995). 

The topics addressed in this report are the repair of damaged flat plate 

construction and retrofit of older construction using epoxy and CFRP (Carbon fiber 

reinforced polymer) materials.  Prior research on epoxy repair of reinforced concrete 

members includes a study by Mansur and Ong on the repair of beams using epoxy 

mortars and epoxy injection.  The results of repairing six severely damaged reinforced 

concrete beams showed that the epoxy repair procedure used was capable of repairing 

non-hairline cracks and regaining a significant amount of the original stiffness.  The 

repaired cracks were not reopened upon testing.  Instead, new cracks formed in the 

concrete substrate adjacent to the repaired sections.  The investigators concluded that 

with the epoxy repair techniques used, the strength of the beams increased while their 

stiffness decreased compared with the original beams (Mansur et al. 1995).   

This technology has also been applied to the repair of concrete beam-column 

connections. French, et al. (1990) report on two different repair techniques (epoxy 

pressure injection and epoxy vacuum impregnation), and their application to a beam-

column subassembly.  The authors concluded that repair with either technique achieved 

over 85% of the specimen’s original stiffness as well as an effective bonding of 

previously cracked concrete.  In addition, it was found that the strength and energy-

dissipation capacities were restored.    

In looking for an efficient way to repair and retrofit slab-column connections, 

Farhey et al. (1995) investigated the use of high-pressure epoxy injection in combination 

with externally screwed steel plates to replace the lost or damaged sections of the slab 
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reinforcement (see Figure 1.4).  The authors suggest that their technique of encasing the 

slab area around the column with steel plates and repairing the damaged concrete with 

epoxy when required can be, “easily used to restore, strengthen, or upgrade 

existing…buildings, not suitably designed to withstand earthquakes” (Farhey et al. 1995).   

 

Figure 1.4—Steel Plate and Epoxy Repair Concept (Farhey et al. 1995). 

While structurally efficient, this system is labor intensive to install and is a bulky 

addition to a building that is already occupied.  The addition of steel plates at many 

columns throughout the building can be aesthetically unappealing for the owners/tenants. 

Chen and Li (2000), report that the use of two layers of glass-fiber-reinforced-

plastics (GFRP) increased the direct punching capacity of slab-column connections by up 

to 94% over the non-retrofitted specimens.  No prior research was found on the 

performance of FRP materials used for repair or retrofit of slab-column connections 

subjected to cyclic lateral loading. 
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1.4 Research Significance 

 This research investigates repair techniques for severely damaged flat-slab-

column connections as well as retrofit techniques for older under-designed flat-slab-

column connections subjected to cyclic lateral loading.  The intent is to use existing 

technologies and mass-produced products to develop an easily applied and convenient 

restoration that is non-intrusive on the existing available space.   

1.5 Objectives and Scope 

 The objective of this study is to investigate the potential for use of carbon-fiber-

reinforced-polymer (CFRP) in combination with epoxy resins to prevent punching shear 

failure for two different types of flat-plate slab-column connections.  The two types are 

the repair of new recently damaged connections and the retrofit of older under-designed 

connections.  The potential benefits of these materials are established by comparing the 

performance of these connections before and after repair and retrofit.   

 Repairs were performed on three slab-column connections previously tested under 

gravity load and cyclic lateral loading.  The specimens’ contained three different types of 

slab shear reinforcement within the critical shear perimeter.  In the previous testing by 

Lee and Robertson, the three specimens behaved virtually identically (Lee and Robertson 

2001).  Each specimen was repaired to evaluate the difference in various repair 

techniques. 

 For the retrofit study, three identical slab-column connections were constructed in 

accordance with pre-1971 ACI 318 Building Code specifications, resulting in a non-

ductile slab-column connection.  Prior to 1971, the ACI Building Code did not require 

continuity of slab reinforcement to account for potential moment reversals during an 
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earthquake.  As a consequence, many older flat plate buildings have slab top 

reinforcement which terminates at approximately one third of the span, and slab bottom 

reinforcement that is not continuous through the column support.  One of the specimens 

was tested as the control while the other two were retrofitted with different CFRP 

layouts. 
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Chapter 2 

Test Specimens 

2.1 Prototype Building 

 The prototype building is a typical office or apartment building.  The design 

gravity loads include the slab self-weight, a superimposed dead load of 20 psf and a live 

load of 50 psf.  The story height is 10 feet and the span between column lines is 20 feet in 

both directions for the connections 

being investigated (see Figure 2.1).  

The columns have a square cross-

section with a side width of 20 

inches.  The slab thickness was 

chosen to be 9 inches in 

accordance with ACI 318-99 

Building Code (ACI 1999) and by 

matching a maximum ultimate 

shear stress νc = 4 'f c  (where  is 

the concrete compressive strength in psi) on the critical perimeter around the column.   

'f c

 

 
 

 

 

 

 

 

 

   Figure 2.1—Prototype Building 

 

2.2 Description of General Specimen 

 For laboratory test purposes, the prototype structure was reduced to one-half 

scale.  All the specimens are isolated interior flat-slab-column connections (see Figure 

2.2).  The gravity load applied during the test is equivalent to a prototype loading of the 

total dead load plus 30% of the live load on the floor.  This results in a direct shear stress 

on the critical perimeter of approximately 1 '
cf .  The gravity load applied to the test 

specimens was designed to apply the same 1 '
cf  shear stress on the critical perimeter.  
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This gravity load was 

sufficient to cause flexural 

cracking in the specimen slab 

prior to application of lateral 

load.  This is a similar to the 

situation in cast-in-place flat-

slab construction where 

cracking is caused by gravity loads applied during the construction phase, restrained 

shrinkage, as well as various non-critical loading conditions throughout its life.  The steel 

reinforcement used in the specimen was grade 60 number 3 deformed bars, conforming to 

the ACI 318-99 Building Code.  The carbon-fiber-reinforced-polymer and epoxy used in 

the repair and retrofit were supplied by Sika Products, an ISO (International Organization 

for Standardization) certified manufacturer, and installed by Plas-Tech, Ltd., a Sika-

certified applicator. 

 

 

 

 

 

 

   Figure 2.2—Slab-Column Subassembly 

 

2.3 Specimen Reinforcement 

 The reinforcement of the slab-column connection subassembly was designed by 

scaling down the reinforcement scheme of the prototype building.  This can be difficult 

because reducing the size and structural components of a three-dimensional structure is 

not a linear procedure.  The method for the reduction was done through matching 

reinforcement ratios within the column strip and middle strip as well as within the critical 

perimeter defined by the direct design method in the ACI 318-99 Building Code.   

2.3.1 Repaired Specimens

 The repaired specimens were part of a prior test program studying the 

performance of different types of slab shear reinforcement, designed using the ACI 318-
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99 Building Code.  The shear reinforcement extended to a distance of 25 inches from the 

face of the column.  The reinforcement layout is detailed in Figure 2.3 in Appendix A. 

2.3.2 Retrofit Specimens

 Retrofit specimens were designed using the ACI 318-67 Building Code.  This 

code does not require continuous bottom reinforcement through column lines.  There was 

no design of shear reinforcement since shear was not a problem under the ultimate 

loading condition as defined by the code.  The reinforcement scheme is detailed in Figure 

2.4 in Appendix A.  To prevent total collapse of these specimens after punching shear 

failure, two continuous bottom bars were placed through the column transverse to the 

loading direction (Figure 2.4).  These bars will not affect the connection behavior prior to 

punching failure.   

 

2.4 Description of Repaired Specimens  

The repaired specimens 3SLR, 4HSR, and 2CSR were previously subjected to the 

Displacement Routine A shown in Figure 2.5.  The tests are performed under 

displacement control so as to apply this predefined drift procedure, where drift is defined 

as the lateral story displacement divided by the story height in percent.  During testing, 

these specimens experienced 

severe cracking radially away 

from and concentrically 

around the column as well as 

spalling of the concrete cover 

up to 8 inches away from the 

column (see Figure 2.6).  All 

three specimens have slab 
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Figure 2.5 – Displacement Routine A 
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 shear reinforcement, which prevented punching of the slab at levels of drift up to 8.0%.  

 Specimen 4HS           Specimen 3SL          Specimen 2CS

   

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6—Repair Specimens before application of epoxy and CFRP. 
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All three original specimens also had similar hysteretic responses and backbone curves 

(Figure 2.6).  The specimens had similar designs, differing only in the type of shear 

reinforcement used—headed studs (specimen 4HS), single leg stirrups (specimen 3SL), 

and open stirrups with clip closure (specimen 2CS) as shown above each specimen in 

Figure 2.6.  All shear reinforcement was fabricated from smooth No. 2 bars with 

anchorage conditions satisfying the ACI 318-99 Building Code requirements.  All three 

types of shear reinforcement were equivalent to 2-leg stirrups at a spacing of 2.5 inches 

on center for 25 inches from the column face in all four directions (see Figure 2.3 in 

Appendix A).  More details on these specimens and the test results is provided by Lee 

and Robertson (2001).  After cyclic testing to 8% lateral drift, each of these specimens 

was primed for repair by exfoliating the slab surface with a pneumatic needle gun.  

Removal of cement paste to expose the aggregate was required in the area of repair to 

establish sufficient bonding of the epoxy to the slab concrete. 

2.4.1 Specimen 4HSR Repair

 Specimen 4HSR contained headed studs as shear reinforcement and had 

continuous top and bottom steel through the column and span.  This specimen was used 

to evaluate epoxy repair without CFRP.  All cracks within 25 inches of the column were 

repaired using SikaDur 55 SLV, a low viscosity epoxy.  All spalled concrete was 

replaced using SikaDur 21 mixed with silica sand, an epoxy mortar (see Figure 2.7 in 

Appendix A).  A detailed description of the repair is provided in Appendix B.  

2.4.2 Specimen 3SLR Repair

 Specimen 3SLR contained single legged stirrups as shear reinforcement and had 

continuous top and bottom steel through the column and slab.  This specimen was also 

repaired with SikaDur 55 SLV, low viscosity epoxy and SikaDur 21 mixed with silica 

sand, an epoxy mortar, to replace the spalled concrete around the column.  SikaWrap Hex 
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103C, a unidirectional woven carbon fabric was applied on top of the slab immediately 

surrounding the column as shown in Figure 2.8 in Appendix A.  This SikaWrap fabric is 

supplied in 25 inch wide strips.  Full width strips were used in this study to provide 

adequate anchorage for the CFRP beyond the potential punching shear crack anticipated 

at 10 to 15 inches from the column face.  The carbon fabric was applied with SikaDur 

Hex 300, an epoxy impregnating and bonding agent.  A detailed description of the repair 

procedure in provided in Appendix B. 

2.4.3 Specimen 2CSR Repair

 Specimen 2CSR contains open hoop stirrups with a clip closure as shear 

reinforcement and has continuous top and bottom steel through the column.  This 

specimen was also repaired with SikaDur 55 SLV, low viscosity epoxy, and SikaDur 21 

mixed with silica sand, epoxy modified mortar, to replace the spalled concrete around the 

column. SikaWrap Hex 103C was the carbon fabric applied on top and bottom of the slab 

immediately surrounding the column as shown in Figure 2.9 in Appendix A.  The carbon 

fabric was impregnated with SikaDur Hex 300.  The CFRP was applied to the top surface 

of the slab using SikaDur Hex 300 as the bonding agent and to the bottom surface of the 

slab using SikaDur 330 as the bonding agent.  In both locations, 25 inch wide SikaWrap 

strips were used.  A detailed description of the repair is provided in Appendix B.   

2.5 Description of Non-Ductile Specimen Retrofit  

 The retrofitted non-ductile specimens ND2R and ND3R were designed with pre-

1971 design procedures and were nominally identical to specimen ND1C, the control 

with no CFRP.  Theslab top surface was roughened to remove cement paste and expose 

the aggregate in the area of CFRP application.  SikaWrap Hex 103C was used with 

SikaDur Hex 300 as the impregnating epoxy as well as the bonding agent.  These 

specimens were then tested using the Displacement Routine B shown in Figure 2.10.      
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A detailed description of the 

retrofit procedure is provided 

in Appendix B. 

2.5.1 Specimen ND2R  

Retrofit 

 Specimen ND2R was 

retrofitted with four 25 inch 

wide strips of SikaWrap 

103C (CFRP) applied to the 

top surface of the slab around the column (Figure 2.11).  One strip was placed on each 

side of the column—centered lengthwise.  The first two strips were placed in the 

direction of loading followed by two strips placed transverse to the loading direction.  All 

four CFRP strips form a square covering the top surface of the slab beyond the critical 

punching perimeter as shown in Figure 2.11 in Appendix A.   

 

 

 

 

 

 

 
Note: Each dot on the test routine indicates a data reading point. 

Figure 2.10—Displacement Routine B 
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2.5.2 Specimen ND3R Retrofit

 Specimen ND3R was retrofitted with four 25 inch wide strips of SikaWrap 103 C 

(CFRP) around the column (Figure 2.12).  Two strips were placed on either side of the 

column in the direction of loading, extending the complete length of the specimen.  Then, 

two more strips were placed in the transverse direction, also across the entire width of the 

specimen as shown in Figure 2.12 in Appendix A.  The reason for extending the CFRP to 

the slab edge was to increase the slab negative moment capacity and prevent a flexural 

failure due to top steel curtailment.  This CFRP would then prevent the flexural cracking 

that may occur due to load reversal in the midspan slab without top reinforcement. 
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Chapter 3 

Material Properties 

3.1 Concrete Properties 

The concrete used to construct the specimens was supplied by a local ready-mix 

company with a specified compressive strength of 3,500 psi.  For each specimen, three 6” 

diameter by 12” long cylinders, and two 6” × 6” × 21” long beams were fabricated and 

cured under the same conditions as the test specimen.  These specimens were tested 

within 24 hours of the slab test being conducted.  The concrete was evaluated for 

compressive strength, ; static modulus of elasticity, ; Poisson’s ratio, cf cE ν ; and the 

modulus of rupture, .  These results are summarized in Table 3.1.  The concrete 

strength, , in table 3.1 represents the actual strength of the concrete in the test 

specimens and not the design 28 day strength,  

rf

cf

cf ' .

Table 3.1:  Summary of Concrete Properties for each Specimen. 
Specimen 4HSR 3SLR 2CSR ND1C ND2R ND3R 
Age at test (days) 365+ 365+ 365+ ~365 ~365 53 
Compressive Strength,  
(3 cylinders)  (psi) 

cf 5543* 6300* 4550* 4300 4020 3540 

Modulus of Elasticity, cE  

(1 cylinder)  (ksi) 
** ** ** 2520 2300 3210 

Modulus of Rupture,  
(2 Beams)  (psi)  

rf 510* 630* 510* 610 630 550 

Poisson's ratio (ν ) 
(1 Cylinder) ** ** ** 0.23 0.21 0.24 

*    These values were obtained during prior research by Lee and Robertson (2001) 
**  Values are not available. 
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3.2 Steel Reinforcement Properties 

The steel used as reinforcement for both the slab and column in each specimen 

was specified as Grade 60 Type 2 deformed bars.  The previous results of tensile tests of 

the No. 2 reinforcement bars used as stirrups are summarized in Table 3.2.  

Table 3.2:  Tensile Strengths for Smooth #2 Reinforcement Bars (Lee 2001) 

Specimen 
Tensile 
stress  
(ksi) 

1 61 
2 68 
3 65 
4 62 

Average 64 
 

3.3 Epoxy and Carbon Fiber Reinforced Polymer (CFRP) Properties 

3.3.1 Epoxy Properties

 There were five types of epoxy used to retrofit and repair the specimens.  Each 

epoxy served a specific purpose: sealer, SikaDur 31 (to prevent the crack-healer epoxy 

from leaking through the bottom of the slab); crack healer, SikaDur 55 SLV (to repair / 

replace voids created by previous testing); epoxy mortar, SikaDur 21 with silica sand (to 

replace the spalled concrete around the column); impregnating resin, SikaDur Hex 300 

(used to laminate the carbon fiber fabric); and bonding adhesive, SikaDur 330 (used for 

the overhead application of CFRP on the bottom of specimen 2CSR).  All five products 

were from the Sikadur® line of epoxies (see the Repair / Retrofit Procedures in Appendix 

B for specific products used).   

 No chemical analysis or testing was performed on the epoxy materials.  Tests of 

the CFRP composite and pull-off tests are described below. 

18 



3.3.2 Carbon Fiber Reinforced Polymer Properties

The carbon fiber reinforced polymer used as retrofit material (SikaWrap Hex 

103C) had a unidirectional fiber pattern and was impregnated with a low viscosity epoxy 

resin (SikaDur Hex 300).  The cured and laminated CFRP has manufacturer reported 

structural properties as follows: a tensile strength of 139,000-psi, a modulus of elasticity 

of 10.6 × 106 psi, and a strain at failure (ultimate tensile strain) of 1.33%.  The cured 

laminate has a nominal thickness of 0.040 inches per layer and a tensile strength of 5,560 

lbs./layer/inch.   

These properties were tested following ASTM D 3039/D 3039M – 95a Standard 

Test Method for Tensile Properties of Polymer Matrix Composite Materials to confirm 

the ultimate tensile strength.  A 12” by 12” test sample was created of a double laminate 

at the same time as the retrofit and repair application.  Test coupons, measuring one inch 

wide by 12 inches long, were cut from this sample using a Plexiglas saw.  Steel plates 

were bonded to the ends of the coupon to facilitate end attachment in the loading frame 

grips (Figure3.1 in Appendix A).  Results are summarized in Table 3.3. 
   Table 3.3:  CFRP Laminate Tensile Test Results 
Specimen Width  

(in) 
Thickness 

(in) 
Area  
(in2) 

Ultimate 
Load (lbs) 

Ultimate Stress 
(ksi) 

1 0.996 0.0665 0.066 9322 140.7 
2 0.995 0.0710 0.071 10335 146.3 
3 0.999 0.0675 0.067 10489 155.5 

Average 0.997 0.0683 0.068 10049 147.6 
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3.3.3 Bond Properties

To ensure bonding between the CFRP and the substrate, there is an adhesive 

strength requirement.  This bond is evaluated using a direct pull-off test.  The 

requirement is a minimum of 200-psi tensile strength or a concrete failure.  The data from 

the pull-off tests are summarized in Table 3.4.   

     Table 3.4:  CFRP Pull-off Test Results 
Specimen 3SLR 2CSR ND2R ND3R 

 CFRP Pull-off stress,  (psi) pf None 
performed 235(183*) 183 179 

 CFRP Pull-off failure material None 
performed  Concrete Concrete Concrete 

      * Results for the CFRP on the bottom of slab. 

 
 Figures 3.2 in Appendix A illustrate the pull-off test procedure.  These tests were 

performed after the cyclic testing in an area away from the slab-column connection (see 

Figure 3.3 in Appendix A).  Therefore, concrete cracking may have affected the bond 

strength.  Although the direct pull-off stresses for ND2R and ND3R were below the 200-

psi minimum, failure did occur in the concrete substrate therefore these applications are 

satisfactory. 
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Chapter 4 

Test Setup 

4.1 Structures Laboratory 

The Structural Engineering Laboratory at the University of Hawaii is equipped 

with a 60-foot by 20-foot strong floor that is designed to resist large vertical and 

horizontal loads. The lab is also equipped with a servo-controlled MTS hydraulic test 

system. This system consists of a 35 GPM, 3000 psi Hydraulic Pump; three 35 Kip 

actuators with load cells; and three accumulators and associated hydraulic hoses. An 

MTS TestStar II digital controller is used to operate the system.  It can be programmed 

for either load or displacement control, static and dynamic testing, preprogramming of 

test sequences, and real-time data acquisition. A supplemental data acquisition system 

using a LabView driven personal computer recorded load rod and strain gauge readings. 

A 20,000-pound overhead bridge crane services the strong floor area in the laboratory.  

 

4.2 Test Frame  

 The test setup used for this program is shown in Figure 4.1 in Appendix A.  The 

single actuator, which displaces the top of the column horizontally, has an internal LVDT 

and an attached load cell.  It is pinned to the top of the column and reacts against a 

heavily braced steel test frame that is secured to the strong floor.  The steel frame was 

designed to minimize deflections due to the expected loads.  The frames ability to 

minimize deflections has been verified during previous tests (Lee 2001).  As shown in 

Appendix A Figure 4.1, the base of the column is attached to two load cells, which 

measure the horizontal and vertical load in the column.  To simulate the assumed 
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inflection points at mid-span of the slab, three pin-ended load rods act as roller supports 

at each end of the slab perpendicular to the direction of testing.  All six of the load rods 

also measure the vertical reaction at the slab edge during the test.  These load rods are 

adjustable in length with threaded steel sleeves at the level of the strong floor below the 

lower pin connections.  Threaded rods connect each load rod to the strong floor.  To 

prevent twisting during testing, two horizontal braces are pinned to the side of the slab 

and to the wall of the structures lab.  These braces are not expected to carry large loads 

during testing.  Figure 4.2 in Appendix A shows the load rod and horizontal brace 

locations. 

 

4.3 Specimen Loading 

 All load cells and load rods were zeroed prior to placement of the slab in the test 

frame.  Each slab was lowered into the test frame with the overhead crane, aligned, 

plumbed, and leveled.  The load rods were not connected to the slab until the gravity load 

had been applied.  This was done to ensure symmetrical loading while placing the 

superimposed slab gravity load.   Then the actuator’s internal LVDT was zeroed, the 

main load cell reading (attached to the actuator), and the vertical bottom load cell reading 

were all recorded.  With the load rods still disconnected, 16 concrete blocks each 

weighing 450 pounds and a 60-lb steel cage that holds eighty one 21.5-lb 2 inch diameter 

steel rods were hung from threaded rods passing through in the slab (see Figure 4.3 in 

Appendix A).  The steel rods and steel cage weighed a total of 1800 pounds and were 

used in place of four concrete blocks over the bottom horizontal load cell and frame (see 

Figure 4.3 in Appendix A).  All concrete blocks and steel rods were placed in a 
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symmetric pattern so as to balance the specimen during loading.  This ensured that the 

specimen stayed plumb and the entire gravity load was transferred through concentric 

axial load in the column.  Once the entire load was on the slab, the load rods were 

adjusted to the proper length such that they were tied firmly to the strong floor and the 

slab without applying additional load to the slab.   

 During testing of the original specimens with shear reinforcement (Lee 2001), the 

load rods assumed part of the slab gravity load as the slab deteriorated.  This resulted in 

reduced axial load on the column as the test proceeded.  To make a valid comparison 

between the repaired and original specimens, the same procedure was used for the 

repaired specimens.  During cyclic lateral loading of the retrofit specimens, however, the 

load rods were adjusted at the zero drift level to allow for slab displacement at mid-span 

and to prevent the load rods from carrying any slab gravity load.   

 

4.4 Testing Protocol 

 The testing of structures and structural components for evaluation of their seismic 

response is generally performed using one of two methods—monotonic tests and cyclic 

tests.  Monotonic testing is used to evaluate the capacity of a structure through a pushover 

type test, where the specimen is loaded in one direction until failure.  This type of test 

provides some information about how a structure behaves; namely the monotonic 

strength, stiffness, and ductility.  Cyclic testing involves the application and reversal of 

loads to levels less than the ultimate capacity and gradually increasing the loads through 

all the possible ranges of the structure.  Cyclic testing provides strength, stiffness and 

ductility results, as well as, stiffness degradation through repeated loading and energy 
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dissipation during an event with reverse loading.   These issues are important when 

considering seismic and wind design.   

Cyclic testing can be performed using two types of procedure: dynamic and quasi-

static.  Dynamic test procedures require high flow hydraulics and extremely fast data 

acquisition because the testing is performed in a manner similar to a real time event.  

However, quasi-static testing is less demanding on the hydraulic system and less 

dependent on the speed of the data acquisition system.  This type of testing is performed 

by applying displacements in increments and stopping at each increment to take readings.  

Quasi-static testing has another advantage over dynamic testing, which is the opportunity 

for visual observation of cracking at various displacement levels during the test.  For 

these reasons, the slab column connections in this study were tested using deformation 

controlled quasi-static cyclic procedures.   

Two different cyclic procedures were used on the specimens in this report.  One 

procedure was used to test the repaired specimens and the other to test the retrofitted 

specimens.  The first procedure was used to ensure a legitimate comparison of the 

repaired specimens with their original behavior, and the second was used to test the 

retrofit specimens with a recently developed standard testing protocol. 

4.4.1 Repaired Specimen Protocol

 The repaired slab-column connections were tested using Procedure A shown in 

Figure 4.4 in Appendix A.  This test procedure was used in the previous testing of these 

specimens.  The routine consists of two phases that were created to account for the 

physical limitations of the actuator.  The lateral load actuator has a six-inch stroke, which 

limits reverse cycling to a maximum possible displacement of only 3 inches in the 

24 



positive and negative direction.  Due to the scale of the specimens, this represents a drift 

level of only ±5%.  The second phase consists of cycles in only the positive direction to 

take advantage of the actuator’s full stroke.  The protocol has a maximum displacement 

of 5 inches for a drift level of 8.3%.  This protocol gradually increases the drift level from 

±0.25% to ±5% in Phase I and from +5.5% to +8.3% in Phase II.  There are also several 

±1% drift level cycles repeated in the procedure.  These were included to evaluate the 

degradation of the stiffness after damage was incurred at higher levels of drift (greater 

than ±1%).  Drift levels beyond ±5% are unlikely to occur in a structure, but by testing 

beyond this level, the true ductility can be evaluated.  Other researchers have used a 

cyclic testing protocol to evaluate the ductility of the structural subassembly.  For 

example, French, Thorp, and Tsai used a cyclic testing routine where, “the entire loading 

history corresponded to a cumulative ductility,” defined as the sum of the “displacement 

ductility factors.”  The displacement ductility factor is defined per cycle as the ratio of the 

displacement of the structure to the theoretical displacement at yield (French et al. 1990).   

These tests ensure that inelastic activity would occur in the structure.  Robertson and 

Durrani used a test routine very similar to the repaired specimen routine designed to 

evaluate strength degradation and loss of stiffness of the connections under earthquake-

type loading (Robertson et al. 1992). 

4.4.2 Retrofit Specimen Protocol

The retrofit slab-column connections were tested using Procedure B shown in 

Figure 4.5 in Appendix A.  This test routine also consists of two phases that were created 

to account for the physical limitations of the actuator (drift levels of ±5% in two 

directions and +10% drift in one direction).  This protocol gradually increases the drift 
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level from ±0.1% to ±5% in Phase I and from +7% to +10% in Phase II.  Unlike the test 

protocol used for the repaired specimens, there are no repeated ±1% drift level cycles in 

this routine.  Instead, to evaluate the loss of strength and stiffness after repeated loading 

of the structure, each drift level was repeated three times.   

This is an adaptation of the testing protocol developed by Krawinkler et al.  They 

propose that a deformation controlled loading history should contain three types of 

cycling; initiation cycles, primary cycles, and trailing cycles (Krawinkler 2000).  

Initiation cycles are to be used at the beginning of the procedure to check loading 

equipment as well as to evaluate the structure’s behavior at small displacements.  Primary 

cycles are those that are larger than any previous cycle.  Trailing cycles follow primary 

cycles at an amplitude of 75% of the primary cycle immediately preceding (Krawinkler 

2000).  Researchers at the Pacific Earthquake Engineering Research Center (PEER) 

modified this proposal to create a standard cyclic testing protocol for all building 

elements.  It was agreed that initiation cycles were needed.  However, the trailing cycles 

were replaced by repetition of the primary cycle at 100% rather than at 75% of its 

amplitude. This was done to facilitate comparisons of new data acquired using this 

hysteresis with prior data using current protocols.  Also, this repetition of cycles will 

allow for an analysis of the loss of capacity and stiffness degradation of a structural 

component at a particular drift level (Robertson 2000). 

 

4.5 Instrumentation and Data Recording 

 The data for all tests were recorded using the MTS digital controller, the LabView 

driven personal computer, as well as digital cameras.  At each displacement step during 
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testing (indicated by a dot on the loading protocols in Figures 4.4 and 4.5 in Appendix 

A), all instrument readings were recorded. 

4.5.1 Load Cells, Load Rods, and Linear Variable Displacement Transducers

 Each specimen was instrumented with three load cells and six load rods (see 

Figure 4.1 and 4.2 in Appendix A) as discussed in Section 4.2.  The main load cell and 

bottom vertical load cell, which measure the applied load and the total gravity load being 

supported by the column respectively, were recorded using the MTS digital controller 

software.  The horizontal bottom load cell and all six load rods, which measured the slab 

edge loads required to balance the applied lateral load, were recorded using the LabView 

driven personal computer.  Prior to testing, the six load rods and the horizontal bottom 

load cell were calibrated in an Instron testing machine using the LabView data 

acquisition system. 

 The single Linear Variable Displacement Transducer (LVDT) used in this test 

setup was recorded using the MTS digital controller software.  Previous tests verified that 

deformations of the test frame were negligible in comparison with the displacements 

applied to the specimen.   
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Chapter 5 

Results 

5.1 Slab Cracking 

 During a slab-column connection test, slab cracking around the connection 

followed a typical pattern and cracking order.  Figure 5.1 shows this typical crack 

progression under cyclic lateral loading to increasing drift levels.  First, the gravity loads 

caused flexural cracks that propagated out from the column generally following the 

location of the top reinforcement (Initial Flexural Cracks).  Next, as lateral load was 

applied to the column, the existing flexural cracks widened and extended towards the slab 

edge.  New flexural cracks formed further from the column, and others formed running 

diagonally from the column corners toward the corner of the specimen, opposite to the 

direction of the applied load (Flexural Cracks).  At increased drift levels, torsional cracks 

began to form adjacent to the column, running diagonally in the direction of the applied 

load (Torsional Cracks).  Once the torsional and flexural crack patterns had fully 

      (a)       (b)       (c)       (d) 
 
Figure 5.1—Typical Crack Progression For A Slab-Column Connection That Is Subjected 

To Inter-story Drift; (a) initial flexural cracking due to gravity loading, (b) 
flexural cracking at lower levels of drift, (c) torsional crack formation at increased 
levels of drift, (d) fully developed cracking with punch around column.  The drift 
is in the direction of the arrow marked on the column. 
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developed, widening of the existing cracks continued with increasing drift levels until 

finally a punching failure occured (Punch).   

 Application of CFRP to the top of the slab restricted the view of crack formation 

around the column.  However, the indication of cracking was demonstrated through the 

de-bonding between the CFRP and the concrete through the progression of the tests. The 

CFRP also had, in some instances, ruptured both transverse to, and along the direction of 

fiber orientation.   

 

5.2 Original Specimens 

 The data presented in this section were obtained from a report written by Lee and 

Robertson (2001).  A control specimen was tested which contained no shear 

reinforcement, specimen 1C.  This specimen developed flexural and torsional cracks by 

2% drift and punched at –3.5% drift.  The three specimens with shear reinforcement, 

2CS, 3SL, and 4HS, also developed flexural cracks as a result of the gravity load.  These 

cracks were located near the column and aligned with the top steel reinforcement.   

5.2.1 Specimens 2CS, 3SL and 4HS

During testing of these specimens, flexural cracking and torsional cracking was 

initiated by a drift level of 2%.  At a drift level of 4.5% the cracking pattern had fully 

developed.  Between 4.5% drift and 8.0% drift few new cracks formed, instead, the 

existing cracks widened.  No punching failure occurred (see Figures 5.2, 5.3, and 5.4 in 

Appendix A). 
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5.3 Repaired Specimens 

 Generally, the repaired specimens exhibited cracking patterns consistent with that 

of other studies using epoxies and FRP applications as a method of repair.  The epoxy 

repair was only performed on cracks around the column (within a 25 inch perimeter from 

the column) so cracks outside this area were left un-repaired.  Any cracks that were not 

repaired, or were too small to repair, reopened during the tests.  The CFRP tended to 

reduce the amount of cracking on the top surface of the slab.  Un-repaired cracks outside 

of the CFRP repair were restrained by the presence of the CFRP.  As these cracks opened 

under increased loading, they were unable to propagate beneath the CFRP and instead 

formed new extension cracks along the edge of the CFRP. 

5.3.1 Specimen 4HSR

 This specimen’s slab exhibited the typical cracking behavior mentioned above.  

The cracking was far less extensive than during original testing of the specimen.  The 

epoxy-silica sand grout that replaced the spalled concrete on the slab around the column 

cracked in a manner similar to that of a typical slab.  However, the cracking was not as 

deleterious to the area immediately surrounding the column.  Similar cracking patterns 

occurred, but fewer cracks were present and the material held together better—the 

cracked material did not turn to rubble as the test progressed.  Instead, the cracks just 

increased in width.  Only a few flexural cracks formed on the bottom of the slab.  These 

cracks caused the epoxy sealer to flake off the concrete (see Figure 5.5 in Appendix A).   

5.3.2 Specimen 3SLR

 This specimen’s slab had no visible further cracking on the top surface.  Instead, 

during the test there were two defects in the CFRP that were noted: de-bonding of the 
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CFRP causing air pockets to be detectable by tone change when scratched; and splitting 

of the CFRP, parallel to the fiber orientation direction.  The de-bonding occurred in areas 

where cracking was observed in the epoxy of the repaired control specimen 4HSR and 

where a punch would normally occur.  It was noticed that the actual de-bonding of the 

material occurs mostly on the transition back toward zero drift from the peak drift levels, 

not on the way towards the peak drift levels.  The de-bonding of the CFRP was 

recognized by popping sounds and dust being propelled into the air off the surface of the 

slab.  The majority of the de-bonding occurred at a 7.5% drift level.  The splitting of the 

carbon fabric occurred about six inches away from the column in the region where there 

is only one layer of CFRP oriented in the direction transverse to the direction of loading.  

These cracks in the CFRP formed at the 5% drift level (see Figure 5.6 in Appendix A). 

5.3.3 Specimen 2CSR

 The behavior of this slab-column connection was similar to that of specimen 

3SLR.  No further cracking of the top surface was noted. Reopening of existing non-

repaired cracks in the area of the slab without CFRP or epoxy occurred.  De-bonding of 

the CFRP on the top surface of the slab was detected at a drift level of 6.0%.  This de-

bonding was again consistent with typical cracking of a slab-column connection, and was 

found in the area where a punch would occur with out the use of shear reinforcement and 

CFRP.  The CFRP experienced splitting parallel to and across the fiber direction.  The 

split parallel to fiber direction occurred at several locations, from about six inches to 18 

inches from the column face in the area where there was only one layer of CFRP oriented 

transverse to the direction of loading.  This splitting initiated at a drift level of 1.5%.  At a 

drift level of 7.5% the CFRP ruptured across the carbon fibers extending about one and a 
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half inches from the front and back corners of the column on the right hand side of the 

slab (see Figure 5.7 in Appendix A).   

 

5.4 Retrofit Specimens 

 Generally, the retrofit specimens cracked in a pattern similar to the repaired 

specimens.  These specimens did not have any initial gravity load cracking.  Flexural 

cracking was delayed by the presence of the CFRP.  Once cracks formed outside of the 

CFRP area, their propagation tended to travel along the edges of the CFRP repair area.   

5.4.1 Specimen ND1C

 This slab-column connection experienced typical cracking discussed previously 

and illustrated in Figure 5.1.  The gravity load caused flexural cracking along the top 

reinforcement.  The initiation of further flexural cracking occurred at 0.5% drift (Figure 

5.8 in Appendix A).  Torsional cracking progressed in both positive and negative 

directions from about 1.5% drift to 5% drift (Figures 5.9 and 5.10 in Appendix A).  This 

specimen experienced extensive secondary flexural cracking and torsional cracking 

before punching.  Punching failure occurred at a drift of 9% (Figure 5.11 in Appendix A).   

5.4.2 Specimen ND2R

 This slab experienced no initial cracking due to gravity loads.  No cracking was 

noted until about 1.5% drift where the cracks were of the secondary flexural cracking 

type radiating away from the column in the areas without CFRP.  Also, at 1.5% drift, de-

bonding of the CFRP occurred in the areas of typical initial flexural cracking.  The 

flexural cracking progressed until the slab failed in flexure at the location just outside the 

curtailment of both the CFRP and top reinforcing steel, 34 inches from the centerline of 
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the column at 3.0% drift (Figure 5.12 in Appendix A).  This slab did not fail by a 

punching shear failure; instead it experienced a negative bending failure.  De-bonding of 

the CFRP was initiated at a drift level of 1.5% and by the time the slab failed at 3% drift, 

the CFRP had de-bonded substantially around the column (Figure 5.13 in Appendix A).  

The CFRP experienced splitting transverse to the fiber orientation at about six inches 

from the column face in the area with only one layer applied perpendicular to the loading 

direction.  The splitting initiated at 3.0% drift (Figure 5.13 in Appendix A). 

5.4.3 Specimen ND3R

  This specimen behaved similarly to ND2R with cracks not being visible until 

about the 2% drift level.  These cracks were consistent with secondary flexural cracking 

as described in Section 5.1.  These cracks propagated radially away from the column in 

the areas without CFRP.  When the cracks approached the CFRP they followed the edges 

of the fabric to the edge of the slab.  De-bonding of the CFRP, initiated at 3.0% drift, was 

consistent with areas of initial cracking around the column and was in the area where the 

slab eventually punched.  Also, later de-bonding was consistent with a prying type failure 

between the fabric and the slab surface (Figure 5.14 in Appendix A).  This slab 

experienced splitting of the CFRP parallel to the direction of the fiber orientation in the 

immediate vicinity of the column where there was only one layer of CFRP placed 

transverse to the direction of loading.  The splitting initiated at 5.0% drift (Figure 5.15 in 

Appendix A).  After the specimen was removed from the test frame, the de-bonded area 

of the CFRP was removed.  As shown in Figure 5.16 in Appendix A, the concrete 

punched under the CFRP and the de-bonding was a result of prying of the punched 

section away from the area of concrete outside the punching shear crack. 
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5.5 Load Drift Results  

The major point of interest of the typical interior slab-column connection is the 

behavior of the connection with respect to the lateral load and lateral drift.  The original 

specimen load-drift relationships are shown in Figures 5.17, 18, and 19 in Appendix A.  

The repaired specimen load-drift relationships are shown in Figures 5.20, 21, and 22 in 

Appendix A.  The control and retrofitted specimen load-drift relationships are shown in 

Figures 5.23, 24, and 25 in Appendix A.  These hysteretic responses are all plotted to the 

same scale—per set of specimens—for ease of comparison.  The initial stiffness, peak 

lateral load, peak ductility and ultimate/maximum-sustained drift of all the specimens are 

compared in Figures 5.26 through 5.29.   

Slab-column connection specimen data collected during testing is summarized in 

Tables 5.1 (original specimens), 5.2 (repaired specimens), and 5.3(retrofit specimens).  

These data include information such as the initial gravity load supported by the column 

(row 1); the gravity shear ratio between the initial gravity load and the shear capacity at 

the critical perimeter, GSRi (row 2); the gravity load at failure (row 3); the gravity shear 

ratio between the failure gravity load and the shear capacity at the critical perimeter, 

GSRf (row 4); the maximum horizontal load during hysteresis (rows 5 & 6); the drift 

level at the maximum horizontal load (rows 7 & 8); the smaller of the failure or 

maximum drift level (row 9); and the type of failure of the specimen (row 10).   

 The tables in the following sections give an indication of the ductility of the slab-

column connections.  The values of ductility are based on a derived yield point for each 

connection (Figures 5.17 to 5.25). Extending the initial tangent stiffness of the specimen 

linearly to the point where it crosses the peak lateral load defines the yield point.
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   Table 5.1—Original Slab-Column Connection Specimen Summary 

Specimen 4HS 3SL 2CS 
 1) Initial Gravity Load, Vg (kips) 14.54 14.75 14.82 
 2) Initial Gravity Shear Ratio, GSRi 0.20 0.23 0.28 
 3) Gravity Load @ Failure (kips) No Failure No Failure No Failure
 4)  Failure Gravity Shear Ratio, GSRf - - - 
 5) Maximum Positive Horizontal Load (kips) 10.02 9.43 10.47 
 6) Maximum Negative Horizontal Load (kips) -9.43 -10.10 -10.33 
 7) Drift @ Max. Pos. Horizontal Load (%) 5.0 4.5 4.5 
 8) Drift @ Max. Neg. Horizontal Load (%) -5.0 -4.5 -4.5 
 9) Maximum Drift Attained Before Failure (%) 8.0 8.0 8.0 
 10) Type of Failure No Failure No Failure No Failure
   Table 5.2—Repaired Slab-Column Connection Specimen Summary 

Specimen 4HSR 3SLR 2CSR 
 1) Initial Gravity Load, Vg (kips) 12.46 14.87 15.69 
 2) Initial Gravity Shear Ratio, GSRi 0.20 0.23 0.28 
 3) Gravity Load @ Failure (kips) No Failure No Failure No Failure
 4)  Failure Gravity Shear Ratio, GSRf - - - 
 5) Maximum Positive Horizontal Load (kips) 11.14 12.61 12.92 
 6) Maximum Negative Horizontal Load (kips) -10.91 -13.44 -13.25 
 7) Drift @ Max. Pos. Horizontal Load (%) 7.0 3.5 3.5 
 8) Drift @ Max. Neg. Horizontal Load (%) -5.0 -5.0 -3.5 
 9) Maximum Drift Attained Before Failure (%) 8.3 8.3 8.3 
 10) Type of Failure No Failure No Failure No Failure
   Table 5.3—Retrofit Slab-Column Connection Specimen Summary 

Specimen ND1C ND2R ND3R 
 1) Initial Gravity Load, Vg (kips) 13.66 15.17 15.3 
 2) Initial Gravity Shear Ratio, GSRi 0.23 0.29 0.29 
 3) Gravity Load @ Failure (kips) 12.38 15.16 14.45 
 4)  Failure Gravity Shear Ratio, GSRf 0.21 0.29 0.27 
 5) Maximum Positive Horizontal Load (kips) 6.43 8.28 9.04 
 6) Maximum Negative Horizontal Load (kips) -6.94 -8.69 -9.38 
 7) Drift @ Max. Pos. Horizontal Load (%) 3.0 2.0 3.0 
 8) Drift @ Max. Neg. Horizontal Load (%) -3.0 -3.0 -3.0 
 9) Maximum Drift Attained Before Failure (%) 8.0 4.0 5.0 
 10) Type of Failure Flexure/Punch Flexure* Punch 
   * Failure outside of the CFRP retrofit area. 
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The drift at this intersection is the yield drift.  The peak ductility is defined as the ratio of 

the drift at the peak lateral load to the derived yield drift.  The ultimate ductility is 

defined as the ratio of the drift at the ultimate drift level and the yield drift level.  The 

ultimate drift level is determined by three possible conditions; a punching shear failure, a 

reduction of the lateral load to a value which is 80% of the peak value, or the end of the 

cyclic routine. 

5.5.1 Original Specimens 

Table 5.4 lists the peak lateral load and associated gravity shear load in both the 

positive and negative directions of testing.  Also given in the table are the drift levels at 

which the specimens are considered to yield, experience their peak lateral load, and 

where they fail or reach the end of the test.   

  Table 5.4:  Original Specimen Summary 

Specimen fc  
(psi) 

Peak 
Lateral 
Load 
(kips) 

Shear 
Vu  

(kips) 

Initial 
Stiffness
(kips/in) 

Yield 
Drift 
(%) 

Drift at 
Peak 

Lateral 
Load 
(%) 

Ultimate 
Drift 
(%) 

Peak 
Ductility

(µp) 

Ultimate 
Ductility

(µu) 

4HS 
(Positive Drift) 5540 10.02 7.53 8.3 2.0 5 8.0* 2.50 4.00* 

4HS 
(Negative Drift) 5540 -9.43 7.98 8.3 -1.9 -5 -5.0* 2.63 2.63* 

3SL 
(Positive Drift) 6300 9.43 8.91 9.2 1.7 4.5 8.0* 2.65 4.71* 

3SL 
(Negative Drift) 6300 -10.10 8.46 9.6 -1.75 -4.5 -5.0* 2.57 2.86* 

2CS 
(Positive Drift) 4550 10.47 10.59 10.4 1.67 4.5 8.0* 2.69 4.79* 

2CS 
(Negative Drift) 4550 -10.33 10.73 10.8 -1.6 -4.5 -5.0* 2.81 3.13* 

      * Based on maximum drift in the testing routine, not actual failure. 
 

5.5.2 Repaired Specimens  

 Table 5.5 summarizes the ductility information derived from the hysteretic 

responses of each repaired specimen in both the positive and negative direction. 
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  Table 5.5:  Repaired Specimen Summary 

Specimen fc  
(psi) 

Peak 
Lateral 
Load 
(kips) 

Shear 
Vu  

(kips) 

Initial 
Stiffness
(kips/in)

Yield 
Drift 
(%) 

Drift at 
Peak 

Lateral 
Load 
(%) 

Ultimate 
Drift 
(%) 

Peak 
Ductility

(µp) 

Ultimate 
Ductility

(µu) 

4HSR (Pos.) 
(Epoxy Only) 5540 11.14 6.07 4.8 3.9 7.0 8.33* 1.92 2.14* 

4HSR (Neg.) 
(Epoxy Only) 5540 -10.91 6.63 4.8 -3.8 -5.0* ** 1.28* ** 

3SLR (Pos.) 
(CFRP on top) 6300 12.61 15.08 7.0 3.0 3.5 6.80 1.17 2.27 

3SLR (Neg.) 
(CFRP on top) 6300 -13.44 12.66 7.5 -3.0 -5.0* ** 1.67* ** 

2CSR (Pos.) 
(CFRP Top+Bot) 4550 12.92 13.34 7.7 2.8 3.5 7.75 1.25 2.77 

2CSR (Neg.) 
(CFRP Top+Bot) 4550 -13.25 12.46 7.9 -2.8 -3.5 -5.00* 1.25 1.79* 

   * Based on maximum drift in the testing routine, not actual failure. 
   ** The peak lateral load occurred at the maximum drift in the testing routine, 

ultimate drift is beyond the extent of the drift levels of the routine. 
 
5.5.2.1 Specimen 4HSR 

 This specimen experienced a maximum horizontal load of 11.14 kips at a drift 

level of 7% as shown in Table 5.5.  The specimen survived the entire cyclic test routine 

to 8.33% drift without failure.  The response to the loading shows a maximum peak 

ductility of 1.92 with an associated ultimate ductility of 2.14.  The horizontal load 

dropped to 10.61 kips at the end of the routine, 95% of the peak lateral load.  The 

hysteretic response is shown in Figure 5.20 in Appendix A. 

5.5.2.2 Specimen 3SLR 

 This specimen experienced a maximum horizontal load of 13.44 kips at a drift 

level of 5% as shown in Table 5.5.  The specimen reached flexural failure (80% of peak 

lateral load) at 6.8% drift.  The response to the loading shows a peak ductility of 1.17 

with an associated ultimate ductility of 2.27.  The horizontal load dropped to 7.85 kips at 
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the end of the routine, 58% of the peak lateral load. The hysteretic response is shown in 

Figure 5.21 in Appendix A. 

5.5.2.3 Specimen 2CSR  

This specimen experienced a maximum horizontal load of 13.25 kips at a drift 

level of 3.5% as shown in Table 5.5.  The specimen reached flexural failure (80% of peak 

lateral load) at 7.75% drift.  The response to the loading shows a maximum peak ductility 

of 1.25 with an associated ultimate ductility of 2.77.  The horizontal load dropped to 9.58 

kips at the end of the routine, 72% of the peak lateral load. The hysteretic response is 

shown in Figure 5.22 in Appendix A. 

 

5.5.3 Retrofit Specimens

 Table 5.6 summarizes the ductility information derived from the hysteretic 

responses of the control and retrofit specimens in both the positive and negative 

directions.  

Table 5.6:  Retrofit Specimen Summary 

Specimen fc  
(psi) 

Peak 
Lateral 
Load 
(kips) 

Shear 
Vu  

(kips) 

Initial 
Stiffness
(kips/in) 

Yield 
Drift 
(%) 

Drift at 
Peak 

Lateral 
Load 
(%) 

Ultimate 
Drift 
(%) 

Peak 
Ductility

(µp) 

Peak 
Ductility

(µu) 

ND1C (Pos.) 
(Control) 4300 6.43 13.28 8.1 1.33 3.0 7.3 2.26 5.49 

ND1C (Neg.) 
(Control) 4300 -6.94 11.69 11.6 -1.00 -3.0 -5.0* 3.00 5.00* 

ND2R (Pos.) 
(CFRP at col.) 4020 8.28 13.51 11.5 1.20 2.0 4.0 1.67 3.33 

ND2R (Neg.) 
(CFRP at col.) 4020 -8.69 14.31 12.1 -1.20 -3.0 ** 2.50 ** 

ND3R (Pos.) 
(CFRP full span) 3540 9.04 15.54 12.1 1.25 3.0 5.0* 2.40 4.00* 

ND3R (Neg.) 
(CFRP full span) 3540 -9.38 16.47 15.6 -1.00 -3.0 -5.0 3.00 5.00 

    * Based on maximum drift in the testing routine, not actual failure. 
    ** The peak lateral load occurred at the maximum drift in the testing routine. 
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5.5.3.1 Specimen ND1C 

 This specimen experienced a maximum horizontal load of 6.94 kips at a drift level 

of 3% as shown in Table 5.6.  The specimen experienced a 20% loss of the peak lateral 

load (flexural failure) at a drift level of 7.3% and finally punched at a drift level of 9%.  

The response to the loading shows a peak ductility of 2.26 with an associated ultimate 

ductility of 5.49.  The horizontal load after punching failure decreased to 0.23 kips, 3% of 

the peak lateral load, indicating a significant loss of strength and stiffness. The hysteretic 

response is shown in Figure 5.23 in Appendix A. 

5.5.3.2 Specimen ND2R 

This specimen experienced a maximum horizontal load of 8.69 kips at a drift level 

of 3% as shown in Table 5.6.  The horizontal load decreased to 8.06 kips before failure, 

93% of the peak lateral load.  The specimen broke in flexure at a drift level 5%. The 

response to the loading shows a maximum peak ductility of 2.5 with an ultimate ductility 

of 3.33.  The test was stopped for safety reasons due to the nature of the failure.  The 

hysteretic response is shown in Figure 5.24 in Appendix A. 

5.5.3.3 Specimen ND3R 

This specimen experienced a maximum horizontal load of 9.38 kips at a drift level 

of 3% as shown in Table 5.6.  The specimen punched at a drift level of 5%.  The response 

to the loading shows a maximum peak ductility of 3.0 with an associated ultimate 

ductility of 5.0.  The horizontal load after punching decreased to 1.00 kips, 10% of the 

peak lateral load, indicating a significant loss of strength and stiffness.  The hysteretic 

response is shown in Figure 5.25 in Appendix A. 
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5.6 Stiffness and Ductility Results 

Figure 5.26 shows a comparison of the initial stiffness for each of the test 

specimens.  The initial stiffness is derived from each of the hysteretic plots as shown in 

Figures 5.17 through 5.25 in Appendix A.  The epoxy-only repair of specimen 4HS was 

only able to restore 52% of the original specimen stiffness, while the CFRP repair of 

specimens 3SL and 2CS restored 76% and 78% of the original stiffness respectively.  

This improvement can also be seen in the backbone curves in Figures 7.2, 7.4 and 7.6.  

The addition of CFRP to the bottom of the slab in specimen 2CS does not make a 

substantial difference to the initial stiffness recovery. 

The CFRP retrofit specimens, ND2R and ND3R, had an increase in initial 

stiffness between 5% and 50% over that for the control specimen, ND1C. 

Figure 5.27 shows a comparison of the peak lateral load for each of the test 

specimens.  The epoxy-only repair of specimen 4HS resulted in a 14% increase in lateral 

load capacity, while the CFRP repair of specimens 3SL and 2CS resulted in 33% and 

26% increases respectively.  Again, the bottom CFRP in specimen 2CS does not appear 

to improve the performance over that for specimen 3SL with top CFRP only. 

The CFRP retrofit of specimens ND2R and ND3R increased the lateral load 

capacity by 27% and 38%, respectively, over that of the control specimen, ND1C. 

Figure 5.28 shows a comparison of peak ductility for all test specimens.  In 

virtually all cases, the specimens with CFRP and epoxy repair have lower ductility than 

the original or control specimens.  Only specimen ND3R has the same ductility as the 

control specimen.   
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For the repaired specimens, this reduced ductility is however not the result of 

reduced lateral drift capacity as shown in Figure 5.29 where the repair specimens were all 

able to achieve similar ultimate and maximum drift levels as the original specimens.  The 

difference in ductility is the result of the reduced initial stiffness and increased peak 

lateral load capacity of the repaired specimens.  Both these factors result in an increased 

effective yield drift, based on the yield drift definition described earlier.  Hence, with the 

same peak lateral drift as the original specimens, the peak ductility of the repaired 

specimens appears lower.  It may be more appropriate to consider the ability of the 

repaired connections to sustain the same ultimate lateral drift levels as the original 

specimens as shown in Figure 5.29. 

For the retrofit specimens, the peak ductility is similar to the control specimen as 

shown in Figure 5.28.  However, the lateral drift capacity of these specimens was 

significantly lower than the control specimen as shown in Figure 5.29.  Specimen ND2R 

failed prematurely at 4% lateral drift due to moment reversal causing negative bending 

failure of the slab at the end of the curtailed top reinforcement.  Specimen ND3R with 

continuous CFRP was not susceptible to this failure, but exhibited a punching shear 

failure at 5% drift, in part due to the increase lateral stiffness and lateral load capacity of 

the connection.  Again, it may be more appropriate to consider the drift capacity, shown 

in Figure 5.29, as a measure of ductility, rather than the peak to yield drift ratio shown in 

Figure 5.28. 
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Figure 5.26—Comparison of Initial Stiffness of All Specimens 
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Figure 5.27—Comparison of Peak Lateral Load of All Specimens 
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Figure 5.28—Comparison of Peak Ductility of All Specimens 
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Figure 5.29—Comparison of Ultimate and Maximum Sustained Drift of All Specimens 
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Chapter 6 

Analysis 

 

6.1 ACI Code Requirements 

The ACI code establishes a method to determine the combination of direct shear 

and unbalanced moment on a slab-column connection that will cause a punching failure.  

According to the code, the shear stresses are evaluated at a critical section around the 

column (Figure 6.1 in Appendix A).  This critical section is located at a distance of d/2 

from the face of the column, where d is the average depth of the tensile (top) steel from 

the compression surface (bottom) of the slab.  The code method assumes that the shear 

stresses at the critical section are a combination of the direct shear (Vu) and a portion of 

the unbalanced moment (Mu) at the connection.   

The unbalanced moment is assumed to be transferred by flexure and an eccentric 

shear stress on the critical section.  The portion of the unbalanced moment transferred by 

shear (γvMu) is determined by multiplying the ultimate moment by the factor γv, where: 

γv = 1 - 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
+

+
dc
dc

2

1

3
21

1       (6.1) 

where c1 is the column dimension in the direction of bending and c2 is the column 

dimension perpendicular to the direction of bending.  The remainder of the unbalanced 

moment, γfMu, is transferred through flexure, where γf = 1-γv.  This moment is considered 

to act within a slab width of c2+3h, where h is the slab depth.   
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The maximum shear stress acting on the critical perimeter (υu) is determined from 

the following equation: 

υu = 
c

v

c

u

J
cMγ

A
V u± ,       (6.2) 

where Ac is the area of the critical perimeter, Jc is the polar moment of inertia of the 

critical perimeter, and c is the distance between the centroid and edge of the critical 

perimeter.   

For interior connections; 

Ac  = 2d [(c1 + d) + (c2 + d)],      (6.3) 

Jc = 
6
1 d(c1 + d)3 + 

6
1 (c1 + d)d3 +

2
1 d(c2 + d)(c1 + d)2,   (6.4) 

and 

c = 
2

dc1+ .        (6.5) 

This concrete shear stress is limited to the smallest of equations 6.6 through 6.8: 

υc = (2 + 4/βc) '
cf ,        (6.6) 

where βc is the ratio of the long side of the column to the short side of the column, 

υc = (
o

s

b
dα

 + 2) '
cf ,       (6.7) 

where αs is 40 for interior columns, 30 for edge columns, and 20 for corner columns, and 

bo is the length of the critical perimeter, 

or,  

υc = '4 cf .          (6.8) 
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When shear reinforcement in the form of stirrups or headed studs is used within 

the critical perimeter, the nominal concrete shear stress is reduced to half, i.e. υc/2.   

The shear capacity of the reinforcement is determined by the following equation: 

Vs = 
s

dfA yv          (6.9) 

where Av is the area of the shear reinforcement (i.e. cross-section of all legs on a perimeter 

around the column), fy is the yield stress of the shear reinforcement, and s is the spacing of 

the shear reinforcement. 

The equivalent nominal shear stress due to the shear reinforcement at the critical 

perimeter then becomes;  

υs = 
db

V
o

s          (6.10) 

and the total nominal shear stress at the critical perimeter is: 

υn = υc/2 + υs         (6.11) 

with an upper limit of 6 '
cf .   

 

6.2 Comparison with ACI 

The ACI code approach was applied to each of the slab-column specimens.  

Values and results for the peak shear, unbalanced moment, and shear stresses around the 

critical perimeter for the repaired specimens were calculated previously during the original 

testing and are listed in Table 6.1.  The values and results for the peak shear, unbalanced 

moment, and shear stresses around the critical perimeter for the repaired and retrofit 

specimens were calculated and are listed in Tables 6.2 and 6.3, respectively.   
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 In Tables 6.1 through 6.3 there are fourteen columns.  The first column contains 

the slab-column specimen designation.  The second column lists the concrete compressive 

strength of the specimen, which are also listed in Table 3.1.  The third column contains the 

peak measured lateral load applied to the specimen during the course of the test.  Each 

specimen has two rows; the first row for every specimen pertains to the peak lateral load 

in the positive direction, while the second row refers to the peak lateral load in the 

negative direction.  Column 4 lists the drift level, as a percentage, corresponding to the 

peak lateral load.  The fifth column is the total unbalanced moment being transferred 

through the column to the slab at the peak lateral load.  It is calculated by multiplying the 

peak lateral load (column 3) by the story height of the specimen (60 inches).  Column six 

lists the total gravity load being carried by the column at the same time as the peak lateral 

load.  This value is approximately the same as the total direct shear force acting on the 

slab at the critical perimeter.   

The next three columns list the shear stress capacities of the slab at the critical 

perimeter.  The concrete stress, νc, (column 7) was calculated using the three formulas in 

the ACI Building Code for the nominal shear stress.  In these test specimens, νc = '4 cf  

controlled.  When slab shear reinforcement is used, the concrete shear stress is limited to 

νc/2 = 2 '
cf .  Column 8 lists the shear stress capacity of the shear reinforcement, νs, 

based on eight stirrup legs or headed studs on a perimeter around the column.  The total 

stress (column 9) is the sum of the concrete stress (column 7) and the steel stress (column 

8).  The total stress represents the nominal shear stress capacity of the slab-column 

connection at the critical perimeter, νn.  Column 10, ultimate shear stress, is the maximum 
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shear stress acting on the critical perimeter due to the load condition present during 

application of the peak lateral load.  This stress is based on the linear shear stress 

distribution due to the gravity load and the portion of the unbalanced moment carried by 

an eccentric shear, γvMu.  The next column in Tables 6.1 through 6.3 (column 11) is the 

ratio of the maximum shear stress induced by the loading condition at the peak lateral load 

to the nominal shear capacity of the connection.  A value at or exceeding 1.00 for the 

shear ratio in column 11 would indicate that the connection is on the verge of punching 

shear failure according to the ACI Building Code. 

Slab-column connections may also fail due to flexural failure.  According to the 

ACI Code, the portion of the unbalanced moment not carried by shear, is carried by 

flexure, γfMu.  These values are listed in column 13 of Tables 6.1 to 6.3.  If this moment 

exceeds the flexural moment capacity, Mf, of a slab width of c2 + 3h centered on the 

column, then the ACI Code predicts a flexural failure.  Values of Mf are listed in column 

12.  For connections with CFRP, the value of Mf is based on a strain compatibility 

analysis of the c2 + 3h width to include the effect of the CFRP.  This approach is described 

in the following section.  Lastly, the moment ratio (column 14) is the ratio of the 

unbalanced moment resisted by flexure to the nominal moment capacity of the slab within 

c2 + 3h.  A value in column 14 greater than unity indicates that the connection is carrying 

a load that is greater than that predicted by the ACI Building Code and flexural failure 

should result. 
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6.3 Moment capacity of slab with CFRP 

In order to include the effect of the CFRP in the bending moment capacity of the 

slab, ACI committee 440 draft guidelines were followed (ACI 440, 2000).  This draft 

document provides a guide for the design and construction of externally bonded FRP 

systems for strengthening concrete structures. 

6.3.1 Nominal Moment Capacity

 The nominal bending capacity of a beam, , reinforced with externally bonded 

FRP is defined in the ACI 440 draft report by equation 9.2 shown below: 

nM

⎟
⎠
⎞

⎜
⎝
⎛ −+⎟

⎠
⎞

⎜
⎝
⎛ −=

22
11 chfAcdfAM fefssn
βψβ   (ACI 440 Eqn. 9.2) 

where  is the area of tensile steel in the section,  is the stress in the tensile steel, d is 

the depth of the tensile steel relative to the extreme compression fiber in the beam, c  is 

the depth of the neutral axis relative to the extreme compression fiber in the beam, 

sA sf

1β  is 

the equivalent depth ratio as defined by the Whitney stress block, ψ  is the partial strength 

reduction factor associated with the FRP (0.85 for flexural strengthening),  is the area 

of FRP bonded to the extreme tension fiber of the beam,  is the effective stress in the 

FRP, and  is the depth of the section (also the location of the FRP relative to the extreme 

compression fiber in the beam).   

fA

fef

h

6.3.2 Failure Modes

 The bending capacity is limited by five different failure modes including; (1) 

crushing of the concrete, (2) yielding of the steel followed by rupture of the FRP, (3) 

yielding of the steel followed by concrete crushing, (4) shear/torsion delamination of the 
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concrete cover, and (5) debonding of the FRP from the concrete substrate (FRP 

debonding).   

 Failure modes (4) or (5) did not occur in any of the slab-column connections tested 

in this program.  Debonding of the CFRP from the slab was localized to the immediate 

vicinity of the column.  It is assumed that this did not reduce the CFRP’s effective tensile 

strength because there was still adequate bonding of the CFRP to the slab further away 

from the column.  The three remaining flexural failure modes can be analytically 

determined based on strain compatibility and force equilibrium. 

6.3.3 Determining Stresses in the Steel and CFRP at Failure

 The ACI 440 draft report section 9.2.2 outlines the strain relationship based on 

Figure 9.1 shown below. 
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ACI 440 Figure 9.1: Stress and strain distribution at ultimate limit state
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The equation to find the effective strain in the FRP material, feε , is as follows: 

 fumbife k
c

ch εεε ≤−⎟
⎠
⎞

⎜
⎝
⎛ −

= 003.0   (ACI 440 Eqn. 9.3) 

where biε  is the strain level in the concrete substrate at the time of FRP installation 

(tension is positive),  is the bond dependent coefficient for flexure (used to limit strain 

to prevent debonding failure), and 

mk

fuε  is the design rupture strain of the FRP 

reinforcement.  Since the FRP material exhibits a linearly-elastic behavior until failure, the 

effective stress is directly proportional to the strain and modulus of elasticity, or; 

 feffe Ef ε=      (ACI 440 Eqn. 9.6) 

where  is the effective stress in the FRP and  is the modulus of elasticity of the 

FRP.  Similarly, the equation to find the strain in the reinforcing steel, 

fef fE

sε , is: 
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bifes )( εεε    (ACI 440 Eqn. 9.4) 

The stress in the steel reinforcing, , is also directly related to the modulus of elasticity 

of steel but limited to the stress at yielding, : 

sf

yf

ysss fEf ≤= ε     (ACI 440 Eqn. 9.5) 

where  is the modulus of elasticity of steel. sE

6.3.4 Solution by Equilibrium and Compatibility

 Solving for the correct state of strain and associated stress in a given cross-section 

requires an iterative solution of the equilibrium and compatibility conditions of the 

section.  Based on a concrete extreme fiber compressive strain of 0.003, and an assumed 
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neutral axis location, c , the strains and corresponding stresses can be computed in the 

steel and FRP.  The forces in these components can then be determined and axial 

equilibrium applied to equate compression and tension in the cross-section as shown 

below: 

FRPsteelconcrete TTC +=  

where  is the compression in the concrete,  is the tension in the steel, and  

is the tension in the FRP.  In terms of stresses, this can be expanded to give: 

concreteC steelT FRPT

fefssc fAfAcbf +=1'βγ  

where γ is the average concrete stress factor associated with the whitney stress block (γ  = 

0.85),  is the design concrete strength, and  is the nominal width of the rectangular 

cross-section of the flexural element.  Finally, solving for the location of the neutral axis, 

, gives: 

'cf b

c

bf
fAfA

c
c

fefss

1'βγ
+

=     (ACI 440 Eqn. 9.7) 

 If this neutral axis location is the same as that assumed, then the state of strain is 

correct, and the associate stress distribution can be used to determine the nominal bending 

moment capacity of the section.  If the neutral axis location differs from that assumed, 

then the computation is repeated using the new neutral axis location as the input value for 

.  Iteration continues until satisfactory convergence is achieved. c

6.3.5 Application to Slab-Column Connections

The nominal flexural capacity of the slab-column connections analyzed in this 

report was determined for a tributary slab width of hc 32 +  centered on the column.  The 
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extreme compression fiber was assumed to have a concrete strain of 0.003 and the initial 

neutral axis location, c , was assumed equal to half the thickness of the slab.  If the 

assumed depth of the neutral axis and the value of c  calculated using ACI 440 equation 

9.7 were effectively the same, then this neutral axis depth represented the state of strain at 

one of the failure modes described earlier.  If not, the calculated depth of the neutral axis 

(from ACI 440 equation 9.7) was used as the assumed  and the computation repeated.  A 

C

c

+ computer program was written to iterate this computation to find the neutral axis depth.  

The computer code is included in Appendix C along with sample calculations. 

Having solved for the neutral axis depth that satisfies axial equilibrium and strain 

compatibility, the stresses in each of the component materials were computed and 

moments taken about the neutral axis to determine the nominal flexural capacity of the 

section, , as given by ACI 440 Equation 9.2.  These values are listed in column 12 of 

Tables 6.2 and 6.3 for the repaired and retrofit specimens respectively.  In all cases, the 

failure occurred after yielding of the tension steel, but prior to rupture of the CFRP.  

Hence the failure was due to concrete crushing in the compression zone. 

fM
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     Table 6.1—Pre-Repaired Connection Results Compared with ACI Building Code (Lee 2001) 
Shear 
Ratio 

Moment 
ratio 

Spec.  Concrete
Compressive 

Strength 
 

fc
 

Peak 
Lateral 
Load 

Drift at 
Peak 

Lateral 
Load 

Unbalanced 
Moment  

 
 

Mu
 

Shear
 
 
 

Vu

Concrete 
Stress 

 
 

νc/2 

Steel 
Stress

 
 
νs
 

Nominal 
Shear 
Stress 
νn

(νc/2+νs) 

Ultimate 
Shear 
Stress 

 
νu

 
 

νu/νn

Flexural 
Moment 
Capacity

 
Mf

Applied 
Moment

 
 

γf Mu

 
 

γf Mu/ Mf

        (psi) (kips) (%) (kip-in) (kips) (psi) (psi) (psi) (psi) (kip-in) (kip-in)
1              2 3 4 5 6 7 8 9 10 11 12 13 14

4HS              5540 10.02 5.0 601.2 7.93 149 186 335 320 0.96 298 361 1.21
4HS              5540 -9.43 -5.0* -565.8 7.98 149 186 335 304 0.91 298 -339 1.14
3SL              6300 9.43 4.5 628.2 5.49 159 186 345 320 0.93 300 377 1.26
3SL              6300 -10.10 -4.5 -619.8 5.68 159 186 345 317 0.92 300 -372 1.24
2CS              4550 10.47 4.5 565.8 7.8 135 186 321 303 0.94 295 339 1.15
2CS              4550 -10.33 -4.5 -606.0 7.34 135 186 321 319 0.99 295 -364 1.23

*   End of test routine 
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     Table 6.2—Repaired Connection Results Compared with ACI Building Code 

Shear 
Ratio 

Moment 
ratio 

Spec.  Concrete
Compressive 

Strength 
 

fc
 

Peak 
Lateral 
Load 

Drift at 
Peak 

Lateral 
Load 

Unbalanced 
Moment 

 
 

Mu
 

Shear
 
 
 

Vu

Concrete 
Stress 

 
 

νc/2 

Steel 
Stress

 
 
νs
 

Nominal 
Shear 
Stress 
νn

(νc/2+νs) 

Ultimate 
Shear 
Stress 

 
νu

 
 

νu/νn

Flexural 
Moment 
Capacity

 
Mf

Applied 
Moment

 
 

γf Mu

 
 

γf Mu/ Mf

        (psi) (kips) (%) (kip-in) (kips) (psi) (psi) (psi) (psi) (kip-in) (kip-in)
1              2 3 4 5 6 7 8 9 10 11 12 13 14

4HSR              5540 11.14 7.0 668.4 6.07 149 186 335 307 0.92 282 401 1.42
4HSR              5540 -10.91 -5.0* -654.6 6.63 149 186 335 304 0.91 282 -393 1.39
3SLR             6300 12.61 3.5 756.6 15.08 159 186 345 387 1.12 462 454 0.98
3SLR            6300 -13.44 -5.0* -806.4 12.66 159 186 345 396 1.15 462 -484 1.05
2CSR             4550 12.92 3.5 775.2 13.34 135 186 321 387 1.20 588 465 0.79
2CSR             4550 -13.25 -3.5 -795.0 12.46 135 186 321 391 1.22 588 -477 0.81

      *   End of test routine 
 

 



     Table 6.3—Retrofit Connection Results Compared with ACI Building Code 
Shear 
Ratio 

Moment 
ratio 

Spec.  Concrete
Compressive 

Strength 
 

fc
 

Peak 
Lateral 
Load 

Drift at 
Peak 

Lateral 
Load 

Unbalanced 
Moment 

 
 

Mu
 

Shear
 
 
 

Vu

Concrete 
Stress 

 
 
νc

Steel 
Stress

 
 
νs
 

Nominal 
Shear 
Stress 
νn

(νc+νs) 

Ultimate 
Shear 
Stress 

 
νu

 
 

νu/νn

Flexural 
Moment 
Capacity

 
Mf

Applied 
Moment

 
 

γf Mu

 
 

γf Mu/ Mf

            (psi) (kips) (%) (kip-in) (kips) (psi) (psi) (psi) (psi) (kip-in) (kip-in)
1              2 3 4 5 6 7 8 9 10 11 12 13 14

ND1C             4300 6.43 3.0 385.8 13.28 262 0 262 225 0.86 139 231 1.66
ND1C             4300 -6.94 -3.0 -416.4 11.69 262 0 262 230 0.88 139 -250 1.79
ND2R             4020 8.28 2.0 496.8 13.51 254 0 254 252 0.99 279 298 1.07
ND2R             4020 -8.69 -3.0 -521.4 14.31 254 0 254 286 1.13 279 -313 1.12
ND3R             3540 9.04 3.0 542.4 15.54 238 0 238 279 1.17 261 325 1.25
ND3R             3540 -9.38 -3.0 -562.8 16.47 238 0 238 314 1.32 261 -338 1.29

 56 Sample calculations are provided in Appendix C for the computation of Nominal Shear Stress (Columns 9) and Flexural 
Moment Capacity (Column 12). 

 



Chapter 7 

Discussion 

7.1 General 

The behavior of the typical slab-column connection can be best described by use 

of a hysteretic plot of horizontal load versus drift through the cycling of the testing 

routine (Figure 7.1).  The plots show the significant characteristics of the slab-column 

connection such as stiffness, strength, and ductility.  The backbone curve is defined as the 

plot passing through the maximum load values for each level of drift.  The backbone 

curve acts as an envelope of all possible load-drift combinations during cycling.  Figures 

7.1 through 7.10 in Appendix A compare five sets of hysteretic plots and hysteretic 

backbone curves for all specimens in this study. 

Specimen 4HS and 4HSR are compared in Figures 7.1 and 7.2 in Appendix A.  

While the epoxy-repaired specimen 4HSR did not achieve the original stiffness of 

specimen 4HS, it supported an increased maximum lateral load.  Specimen 3SL and 

3SLR are compared in Figures 7.3 and 7.4 in Appendix A.  Specimen 3SLR, repaired 

with epoxy and the addition of CFRP to the top surface, supported an increased 

maximum lateral load and almost regained the original stiffness of specimen 3SL.  

Specimen 2CS and 2CSR are compared in Figures 7.5 and 7.6 in Appendix A.  As with 

specimen 3SLR, the addition of CFRP increased the maximum lateral load and almost 

regained the original stiffness of specimen 2CS.  Figures 7.1 through 7.6 also show that 

the repaired specimens 4HSR, 3SLR, and 2CSR all maintained a similar drift capacity to 

the original specimens 4HS, 3SL, and 2CS. 
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Retrofit specimen ND2R and control specimen ND1C are compared in Figures 

7.7 and 7.8 in Appendix A.  The addition of CFRP around the column for specimen 

ND2R increased the stiffness and the maximum horizontal load, but decreased the 

maximum drift attained before a failure occurred.  Specimens ND3R and ND1C are 

compared in Figures 7.9 and 7.10 in Appendix A.  The addition of CFRP to the full span 

of the slab for specimen ND3R increased the stiffness of the connection and the 

maximum horizontal load, but decreased the maximum drift level attained before 

punching shear failure occurred.  Both of these comparisons illustrate a reduction in drift 

capacity with the CFRP retrofit. 

 

7.2 Lateral Load Capacity 

The lateral load capacity of each specimen can be evaluated using several pieces 

of data obtained during testing.  The peak lateral loads obtained are a direct measure of 

the strength of the specimen and its ability to resist lateral displacements.  The two 

demand-capacity ratios outlined in the Analysis section of this report, namely the shear 

ratio and moment ratio, show how effectively the slab withstands the subjected loads 

compared to what the ACI Building Code moment allocation and linear shear stress 

distribution predict.  All values of peak lateral load and demand-capacity ratios discussed 

here can be found in Tables 6.1 through 6.3 in the Analysis chapter of this report. 

7.2.1 Repaired Specimens 

7.2.1.1 Epoxy Repair of 4HSR compared with original 4HS 

 The peak lateral loads achieved by the repaired specimen, 4HSR, are 11% and 

16% greater than the peak lateral loads, in positive and negative directions respectively, 
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sustained by the original specimen, 4HS.  Since neither specimen 4HS nor the repaired 

4HSR failed in punching shear, the increase in peak lateral load corresponds to an 

increase in bending capacity.  This is further illustrated with the demand-capacity ratios 

of the two specimens.  The original specimen attained moment ratios of 1.21 (positive 

drift) and 1.14 (negative drift), while the repaired specimen sustained bending loads 

corresponding to moment ratios of 1.42 (positive drift) and 1.39 (negative drift)—an 

average increase in capacity of 19.6%.  On the other hand, the shear ratio for these 

connections remained relatively constant, with average values of 0.92 for specimen 

4HSR and 0.94 for specimen 4HS. 

 The epoxy repair appears to have reduced the deterioration of the concrete during 

cycling and resulted in a slightly higher lateral load capacity.  Figure 7.11 in Appendix A 

shows a comparison between the backbone curve for specimen 4HS and the hysteretic 

response of the repaired specimen 4HSR. 

7.2.1.2 Epoxy and top CFRP Repair of 3SLR compared with original 3SL 

 The peak lateral loads achieved by the repaired specimen, 3SLR, are 20% and 

30% greater than the peak lateral loads, in positive and negative directions respectively, 

sustained by the original specimen 3SL.  Since neither specimen 3SL nor the repaired 

3SLR failed in punching shear, the increase in peak lateral load corresponds to an 

increase in bending capacity.  However, this is not clearly illustrated by the demand-

capacity ratios of the two specimens.  The moment ratio actually decreased from 1.26 to 

0.98 in the positive direction and from 1.24 to 1.05 in the negative direction.  Addition of 

CFRP to the top of the slab results in an increased bending capacity, Mf, based on the 

c2+3h width of slab assumed to resist part of the unbalanced moment.  The bending 
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capacity increased from 300 kip-inches in the original specimen to 462 kip-inches in the 

repaired specimen—calculated based on the ACI 440 Committee Draft design 

procedures.  The decreased moment ratio demonstrates that after repair with CFRP the 

slab no longer has a critical failure mechanism of flexure.   

The shear ratio also changed significantly between the original and repaired 

specimen.  Slab-column connection 3SL sustained an average shear ratio of 0.93, similar 

to connection 4HS, while the repaired connection 3SLR achieved an average shear ratio 

of 1.14.  This shows that the addition of CFRP caused the punching failure mechanism to 

be more critical and this connection now supports a shear stress greater than the ACI 

defined nominal shear capacity.  However, the repaired connection did not exhibit a 

punching failure.  This may be the result of ACI underestimation of the shear capacity of 

a connection with slab shear reinforcement.  Figure 7.12 in Appendix A shows a 

comparison of the backbone curve for specimen 3SL and the hysteretic response of 

repaired specimen 3SLR.   

7.2.1.3 Epoxy and CFRP Repair of 2CSR compared with 2CS 

 The peak lateral loads achieved by the repaired specimen, 2CSR, are 37% and 

31% greater than the peak lateral loads, in positive and negative directions respectively, 

sustained by the original specimen, 2CS.  Since neither specimen 2CS nor 2CSR failed in 

punching, the increase in peak lateral load corresponds to an increase in bending 

capacity.  Again, this is not clearly illustrated with the demand-capacity ratios.  Similar to 

specimen 3SLR, specimen 2CSR’s bending capacity increased significantly above that of 

the pre-repaired specimen, 2CS.  After the repair the nominal bending capacity increased 

from 295 kip-inches to 588 kip-inches— calculated based on the ACI 440 Committee 

60 



Draft design procedures, utilizing the tensile capacity of CFRP on both top and bottom of 

the slab.  The decreased moment ratio again demonstrates that the flexure failure is a less 

critical failure mechanism then before the repair.  At the peak lateral load, specimen 2CS 

experienced an average moment ratio of 1.19.  After the repair, the peak lateral load of 

specimen 2CSR resulted in an average moment ratio of 0.80.  As with specimen 3SLR, 

the shear ratio increased significantly above unity implying that the nominal shear stress 

was significantly exceeded.  The original slab-column connection 2CS was loaded to an 

average shear ratio of 0.97 while the repaired connection 2CSR was loaded to an average 

shear ratio of 1.21.  Again, according to the ACI code, the nominal punching capacity 

was exceeded, in this case by 21%.  Yet, there was no shear failure exhibited after 

completing the test.  Figure 7.13 in Appendix A shows a comparison of the backbone 

curve for specimen 2CS and the hysteretic response of specimen 2CSR. 

7.2.1.4 Comparison of Specimens 4HSR, 3SLR, and 2CSR 

 The difference in performance between the variations of the epoxy and CFRP 

repair of these specimens is clearly shown by observing the peak lateral load data.  The 

data show that specimens 3SLR and 2CSR behaved very similarly, while specimen 4HSR 

did not significantly increase the original specimen's lateral capacities.  Addition of 

CFRP to the bottom of the slab in specimen 2CSR does not significantly improve the 

performance over that of specimen 3SLR with CFRP on the top only.  Figure 7.14 in 

Appendix A shows a comparison of the backbone curves for original specimens 2CS, 

3SL and 4HS and repaired specimens 2CSR, 3SLR and 4HSR. 
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7.2.2 Retrofit Specimens 

7.2.2.1 Control Specimen, ND1C. 

 Specimen ND1C resisted the following peak lateral loads: 6.43 kips in the 

positive direction and 6.94 kips in the negative direction.  When combined with the 

gravity loading, these loads result in average demand-capacity ratios of 1.73 in bending 

and 0.87 in shear.  The high moment ratio of 1.73 implies that bending failure should 

precede punching failure as was observed during testing.  The shear ratio of 0.87 

indicates that the demand was 13% less than the punching capacity as defined by the ACI 

Building Code.  During the test, the slab eventually punched at 9.0% lateral drift.  This is 

likely the result of reduced shear capacity of the fairly deteriorated slab, which had been 

subject to large amounts of flexural and torsional cracking resulting in strength 

deterioration. 

7.2.2.2 CFRP Retrofit of ND2R compared with control specimen ND1C 

 ND2R demonstrated similar trends to those of the CFRP repaired specimens.  

Comparing the peak lateral loads of specimen ND2R with those of ND1C, a 29% 

increase is noted in the positive direction and a 25% increase in the negative direction.  

Figure 7.15 in Appendix A shows a comparison of the backbone curve for ND1C and the 

hysteretic response for ND2R.  The CFRP retrofit application changed the peak lateral 

load demand-capacity ratio in the same manner as with the CFRP repairs.  The moment 

ratio dropped from an average of 1.73 to an average of 1.10, again calculated based on 

the ACI 440 Committee Draft design procedures.  The shear ratio for this specimen 

increased from an average of 0.87 to a shear ratio of 0.99 in the positive direction and 

1.13 in the negative direction.  Despite this increase in shear stress ratio, a shear failure 
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did not occur.  Instead a flexural failure occurred in the unreinforced slab, just beyond the 

curtailment of the CFRP and top reinforcing steel.  This premature failure resulted from 

the increased bending moment in the slab caused by the increased stiffness of the CFRP 

retrofit connection.   

The flexural failure occurred at a distance 34 inches from the centerline of the 

column in the negative bending orientation (Figure 7.16 in Appendix A).  Since there is 

little or no developed tension steel at the location of the crack, a bending moment equal 

to the cracking moment, Mcr, associated with the rupture stress of unreinforced concrete, 

fr, will result in a bending failure.  At the peak positive lateral load, the total moment 

acting at the location of the crack due to the unbalanced load and gravity loads was 205 

kip-inches.  Assuming a modulus of rupture of 7.5 '
cf , the cracking moment was 

calculated as 173 kip-inches.  Based on the beam rupture tests performed on the concrete 

used in this specimen (Table 3.1), the cracking moment was calculated as 230 kip-inches 

(See Calculations in Appendix C). 

7.2.2.3 CFRP Retrofit of ND3R compared with control specimen ND1C 

 Specimen ND3R demonstrates similar trends to those of the CFRP repaired 

specimens.  Comparing the peak lateral loads of specimen ND3R with those of ND1C, a 

41% increase is noted in the positive direction and a 35% increase in the negative 

direction.  Figure 7.17 in Appendix A shows a comparison of the backbone curve for 

ND1C and the hysteretic response for specimen ND3R.  The CFRP retrofit application 

changed the peak lateral load demand-capacity ratio in the same manner as with the 

CFRP repairs.  The moment ratio dropped from and average of 1.73 to 1.27, again 

calculated based on the ACI 440 Committee Draft design procedures.  The continuity of 
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the CFRP over the full span added reinforcement to the slab section outside of the top 

slab reinforcement and prevented the flexural failure observed in specimen ND2R.   

As with specimen 2NDR, the shear ratio for this specimen increased from an 

average value of 0.87 to a positive drift shear ratio of 1.17 and a negative drift shear ratio 

of 1.32.  This increase in shear loading resulted in a punching shear failure.  However, the 

fact that the shear ratio exceeded unity by as much as 32% indicates that the CFRP may 

have contributed to the shear strength of the connection.  Figure 7.18 in Appendix A 

shows a comparison of the backbone curves for specimens ND1C, ND2R and ND3R. 

 

7.3 Initial Stiffness Recovery of Repaired Specimens 

The initial stiffness of a slab column connection is important during non-seismic 

loading conditions.  For the repair of a structural member to be effective, it should restore 

most, if not all of the original stiffness.  The stiffness of the slab-column connection 

specimens in this report was determined from the backbone curve of their hysteretic 

lateral load vs. drift plots.  The initial stiffness is the tangent slope of the initial cycles of 

the hysteretic response.  This stiffness is similar to that which an engineer would use to 

calculate the displacement of a structural member under service load conditions.   

7.3.1 Initial Stiffness of Specimen 4HSR 

The initial stiffness of specimen 4HSR was 4.80 kips/inch in both the positive and 

negative directions (Table 5.5).  The original specimen, 4HS had an initial stiffness value 

of 8.30 kips/inch in both the positive and negative directions (Table 5.4).  Repair by 

epoxy alone was therefore only able to restore 58% of the initial stiffness. 
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7.3.2 Initial Stiffness of Specimen 3SLR 

Specimen 3SLR had an initial stiffness of 7.0 kips/inch in the positive direction 

and 7.5 kips/inch in the negative direction (Table 5.5).  The original specimen had initial 

stiffness values of 9.2 kips/inch and 9.6 kips/inch in the positive and negative directions 

respectively (Table 5.4).  Repair by epoxy and CFRP on the top of the slab was therefore 

able to restore on average of 77% of the initial stiffness. 

7.3.3 Initial Stiffness of Specimen 2CSR 

Specimen 2CSR had initial stiffness values of 7.7 kips/inch and 7.9 kips/inch in 

the positive and negative directions respectively (Table 5.5).  The original specimen 2CS 

had initial stiffness values of 10.4 kips/inch and 10.8 kips/inch in the positive and 

negative directions respectively (Table 5.4).  The repaired stiffness value translates into 

an average stiffness recovery of 73%.  Although the initial stiffness has not been 

completely restored, the CFRP delays degradation of this stiffness at increasing cyclic 

drift levels as shown in Figures 7.12 and 7.13. 

 

7.4 Ductility 

Two measurements of ductility are described in the Results section of this report 

(see Tables 5.4 through 5.6 for specific results).  The peak ductility and ultimate ductility 

measure the amount of plastic behavior relating to the peak lateral load and ultimate 

condition compared with the assumed yield drift.  In some cases, the limiting drift 

capacity of the test apparatus prevented measurement of the true ductility. 
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7.4.1 Ductility of Repaired Specimens 4HSR, 3SLR, and 2CSR

The data in Tables 5.4 and 5.5 in the Results chapter indicate that the ductility of 

the repaired specimens decreased compared with that for the original specimens.  These 

values, however, are not necessarily an indication of a loss of ductility of the building 

system.  The reason the repaired specimen ductility is smaller than the original specimen 

is a combination of a reduced initial stiffness and increased peak lateral load.  This results 

in a larger apparent yield drift for the repaired specimens and a consequent reduction in 

the ductility ratios based on this yield drift.  The building system does not lose ductility 

because the connections can still maintain at least 80% of their peak lateral load at 8.33% 

drift as shown in the hysteretic plots. 

Another measure of ductility is the lateral drift capacity of the connections.  The 

repaired specimens have an ultimate drift capacity equal to that of the original specimens 

(Figures 7.11, 7.12 and 7.13). 

7.4.2 Ductility of Retrofit Specimens ND2R and ND3R 

The data in Table 5.6 in the Results chapter indicate that the ductility of the 

retrofit specimens decreases with respect to the control specimen ND1C.  These values 

accurately portray the loss of ductility of the system because the addition of the CFRP 

retrofit has caused failures at lower drift levels than the control specimen.  In these 

specimens the CFRP increased the stiffness of the connection as well as the peak lateral 

load.  This causes little change to the yield drift but at the same time induced a more 

severe loading on the connection, which resulted in earlier failure.  The increased 

stiffness attracted more load to the connection, resulting in a sudden flexural failure away 

from the column in specimen ND2R and a punching shear failure in specimen ND3R.   
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The retrofit specimens have significantly lower ultimate drift capacities than the 

control specimen (Figures 7.15 and 7.17).  From the ultimate drift values in Table 5.6, the 

drift capacities are 4% and 5% for retrofit specimens ND2R and ND3R respectively, 

compared with 7.3% for the control specimen ND1C.  This represents a loss of 40% of 

the original drift capacity.  It should be noted that the gravity load on these specimens is 

considered a light load.  Heavier slab loads generally result in premature punching failure 

at significantly lower drift levels.  Retrofit of heavily loaded slabs was not considered in 

this study. 
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Chapter 8 

Summary and Conclusions 

Two series of tests were performed to determine the potential for using Carbon Fiber 

Reinforced Polymer (CFRP) for the seismic repair and retrofit of reinforced concrete flat plate 

slab-column connections.  The first series of tests used epoxies and CFRP to repair three slab-

column connections that were significantly damaged during previous cyclic lateral loading.  

These specimens were re-tested using the same lateral loading routine.  The second series of 

tests applied cyclic lateral loading to undamaged slab-column connections retrofitted with 

CFRP. 

 The use of CFRP as a repair and retrofit application at flat-plate slab-column 

connections has some advantages and disadvantages.  Generally the strength and stiffness of a 

connection can be increased, but with a reduction in ductility.  Listed below are the specific 

findings for both the repaired and retrofit applications, based on the results of this study. 

For repair of damaged slab-column connections having adequate slab shear 

reinforcement, the following observations are made based on the results of the three repaired 

specimens. 

• Epoxy repair increased the lateral load capacity but did not restore the stiffness of the 

connection. 

• Epoxy repair and CFRP on the top of the slab increased the lateral load capacity of the 

connection and restored most of the initial stiffness. 

• Adding CFRP to the bottom of the slab in addition to top CFRP did not significantly 

increase the lateral load capacity or the stiffness of the slab-column connection above 

that obtained with CFRP only on the top of the slab. 
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• Although the apparent ductility of the repaired specimens was less than the original 

values, all repaired specimens were able to sustain drift levels of 8% without failure as 

had been observed with the original specimens. 

 

For retrofit of slab column connections with discontinuous reinforcement, no slab 

shear reinforcement, and lightly loaded slabs, the following observations are made based on 

the results of the control specimen and two retrofit specimens. 

• The control specimen experienced a flexural failure followed by punching shear at 7% 

lateral drift. 

• Retrofit using CFRP applied to the top of the slab increased both the lateral load 

capacity and the stiffness of the connection. 

• The increased stiffness attracted more load to the connection and induced different 

failure mechanisms from that seen in the control specimen. 

• In the retrofit specimen with CFRP on the slab around the slab-column connection, the 

lack of continuity in the slab top reinforcement resulted in premature flexural failure 

away from the column.  This failure occurred at a lateral drift level of 4%. 

• In the retrofit specimen with continuous CFRP on the top of the slab, this premature 

flexural failure was prevented, but the connection experienced a punching shear 

failure at 5% lateral drift. 

• Both the ductility and lateral drift capacity were reduced by the addition of the CFRP 

retrofit. 
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Figure 2.3—Repaired Specimen Reinforcement 
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Figure 2.4—Retrofit Specimen Reinforcement 
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Side View in Test Frame 
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Figure 2.7—Slab-Column Connection 4HSR Repaired with Epoxy Only. 
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Figure 2.8—Slab-Column Connection 3SLR Repaired poxy and Top CFRP. 
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e:  The dashed lines indicate the direction and overlap of CFRP fibers.        

This slab has CFRP on both the top and bottom in the same orientation.   

 
Top View in Test Frame 

 

 
Bottom View During CFRP Application 
Arrow on column indicates the positive column displacement direction. 

Figure 2.9—Slab-Column Connection 2CSR Repaired with Epoxy P on Top and Bottom of Slab. 
and CFR
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Figure 2.11—Slab-Column Connection ND2R Retrofit with CFRP around the Connection. 
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Figure 2.12—Slab-Column Connection ND3R Retrofit with Continuous CFRP. 



 

A                       B
 
 
 
 
 
 
 
 
 
                       C
 
 
                       D

82 

 
Figure 3.1—CFRP Laminate Testing: (A) Instron testing machine,           

(B) Cutting of testing coupons, (C) Test coupon with metal 
tabs to facilitate gripping, (D) Coupons after testing. 



 
          (a)            (b)             (c) 

 
      (d) 
 
Figure 3.2—CFRP Pull-off Testing Procedure.  (a) Make 4” diameter score through the 

CFRP laminate with a Coring machine.  (b) Wire brush CFRP surface and epoxy on 
the testing plug with steel-concrete epoxy.  (c) Attach the threaded rod and mount 
cylindrical load cell and hydraulic jack concentrically over testing plug.  (d) Conduct 
test, record maximum load and note material failure. 
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Figure 3.3— Location of Pull-off tests 
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Figure 4.1—Test Setup 
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Figure 4.2—Load Rod, Gravity Load, and Horizontal Brace Locations 
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Figure 4.3—Slab Load and Load Rod Adjustment. 
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Figure 4.4—Displacement Routine A used for Repaired Specimens 
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Figure 4.5—Displacement Routine B used for Retrofit Specimens 



 

Note: Arrow indicates the positive column displacement direction. 

 
 

Figure 5.2—Crack Pattern of Specimen 4HS at 8.0% Drift (Lee 2001) 
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Note: Arrow indicates the positive column displacement direction. 

 
 

Figure 5.3—Crack Pattern of Specimen 3SL at 8.0% Drift (Lee 2001) 
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Note: Arrow indicates the positive column displacement direction. 

 
 

Figure 5.4—Crack Pattern of Specimen 2CS at 8.0% Drift (Lee 2001) 

92 



 
 

 
 

Figure 5.5—Crack Pattern of Specimen 4HSR. 
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Figure 5.6—Crack Pattern of Specimen 3SLR. 
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Figure 5.7—Crack Pattern of Specimen 2CSR. 
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Positive 1% DriftPositive 1% Drift 

Negative 1% Drift 

Note:  Arrow indicates the column top displacement direction. 
 

Figure 5.8 – Extent of Cracking of Specimen ND1C at 1% Drift 
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Positive 3% Drift 

 
Negative 3% Drift 

 
Note:  Arrow indicates the column top displacement direction. 

 
Figure 5.9—Extent of Cracking of Specimen ND1C at 3% Drift (Peak Lateral Load). 
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Positive 5% Drift 

 
Negative 5% Drift 

 
Note:  Arrow indicates the column top displacement direction. 

 
Figure 5.10—Extent of Cracking of Specimen ND1C at 5% Drift. 
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Figure 5.11—Crack Pattern of Specimen ND1C. 
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Figure 5.12—Crack Pattern of Specimen ND2R. 
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Figure 5.13—Crack Pattern of Specimen ND3R. 
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Figure 5.14—Debonding of CFRP at Punching Failure of Specimen ND3R 
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POSITIVE DIRECTION OF TESTING 

 
Figure 5.15—Splitting of CFRP in Region with only One Layer of CFRP in the Transverse Direction. 
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Figure 5.16—Punching of Slab under CFRP Causing Prying Type Debonding Failure. 
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Figure 5.17 – Hysteretic Response of Specimen 4HS. 
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Figure 5.18 – Hysteretic Response of Specimen 3SL. 
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Figure 5.19 – Hysteretic Response of Specimen 2CS. 
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Figure 5.20 – Hysteretic Response of Specimen 4HSR. 
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Figure 5.21 – Hysteretic Response of Specimen 3SLR. 
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Figure 5.22 – Hysteretic Response of Specimen 2CSR. 
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Figure 5.23 – Hysteretic Response of Specimen ND1C. 
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Figure 5.24 – Hysteretic Response of Specimen ND2R. 
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Figure 5.25 – Hysteretic Response of Specimen ND3R. 
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Figure 5.26—Comparison of Initial Stiffness of All Specimens 
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Figure 5.27—Comparison of Peak Lateral Load of All Specimens 

114 



0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Specimen Designation

Pe
ak

 D
uc

til
ity

Positive 2.50 1.92 2.65 1.17 2.69 1.25 2.26 1.67 2.40

Negative 2.63 1.28 2.57 1.67 2.81 1.25 3.00 2.50 3.00

4HS 4HSR 3SL 3SLR 2CS 2CSR ND1C ND2R ND3R

 
Figure 5.28—Comparison of Peak Ductility of All Specimens 
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Figure 5.29—Comparison of Ultimate and Maximum Sustained Drift of All Specimens 
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Figure 6.1 – ACI Code Linear Shear Stress Model  
(Interior Connection Critical Section) 
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Figure 7.1 – Hysteretic Comparison of 4HS and 4HSR. 
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Figure 7.2 – Hysteretic Backbone Comparison of 4HS and 4HSR. 
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Figure 7.3 – Hysteretic Comparison of 3SL and 3SLR. 
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Figure 7.4 – Hysteretic Backbone Comparison of 3SL and 3SLR. 
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Figure 7.5 – Hysteretic Comparison of 2CS and 2CSR. 
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Figure 7.6 – Hysteretic Backbone Comparison of 2CS and 2CSR. 
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Figure 7.7 – Hysteretic Comparison of ND2R and ND1C. 
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Figure 7.8 – Hysteretic Backbone Comparison of ND2R and ND1C. 
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Figure 7.9 – Hysteretic Comparison of ND3R and ND1C. 
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Figure 7.10 – Hysteretic Backbone Comparison of ND3R and ND1C. 
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Figure 7.11 – Comparison of 4HS and 4HSR. 
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Figure 7.12 – Comparison of 3SL and 3SLR. 
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Figure 7.13 – Comparison of 2CS and 2CSR. 



 

-15

-10

-5

0

5

10

15

-10 -8 -6 -4 -2 0 2 4 6 8 10
Drift (%)

L
oa

d 
(k

ip
s)

4HS

3SL

2CS

4HSR

3SLR

2CSR

130 

Figure 7.14 – Comparison of Backbone Curves for Original and Repaired Slab-Column Connections. 
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Figure 7.15 – Comparison of ND2R and ND1C. 
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Figure 7.16—Negative Bending Failure of Unreinforced Slab Outside the CFRP Retrofit. 

132 



 

-15

-10

-5

0

5

10

15

-10 -8 -6 -4 -2 0 2 4 6 8 10

Drift (%)

L
oa

d 
(k

ip
s)

ND1C Hysteretic Backbone

ND3R - Continuous CFRP

133 

Figure 7.17 – Comparison of ND3R and ND1C. 
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Figure 7.18 – Comparison of Retrofit Slab-Column Connections. 



 

 

 
 
 
 
 

 

Appendix B 

CFRP Retrofit and Repair Procedures 
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Seismic Retrofit Procedure for Flat Slab-Column Connection 

Prepare surface—to ensure proper bonding of repair material to existing material 
1. Remove paint and surface dirt in area surrounding column. 
2. Provide a surface roughened to a ¼ inch amplitude roughness to insure a proper bond 

of the epoxy and concrete. 

Apply Carbon Fiber Composite 
1. Prepare Carbon Fiber Fabric (SikaWrap Hex 103C) by cutting to size required (four 

pieces—25 inches by 60 inches). 
2. Mix 2 components of high-modulus, high strength, impregnating resin (Sikadur Hex 

300) by weight. 
 1 Part A (Modified Epoxy Resin) 
 0.35 Part B (Epoxy Hardener) 

3. Mix thoroughly for 5 minutes with low speed paddle at 400 to 600 rpm. 
4. Apply sealer/prime coat of epoxy with rollers over the entire surface of retrofit area. 
5. Place strip of SikaWrap Carbon Fiber over the prime coat (in major bending direction 

first). 
6. Add more epoxy to the top of strip. 
7. Work the resin through the carbon fiber in the direction of the strands with both 

squeegees and grooved rollers to remove air pockets and to completely saturate the 
fabric. 

8. Repeat procedures 5 through 7 for all strips required. 
9. Make 12-inch square sample coupon (folded double layer) of carbon fiber fabric with 

impregnated epoxy resin for testing. 
10. Wait a minimum of one day to cure before inspection. 

Inspection of Composite for Air Voids 
1. Lightly scratch surface of cured composite and listen for hollow areas. 
2. For areas larger than 3” in diameter, drill a ¼-inch hole at low speed to penetrate the 

carbon fiber layers. 
3. Inject Sikadur Hex 300 epoxy into hole to fill void completely. 
4. Patch holes with 4-inch by 4-inch strip of carbon fiber fabric and impregnate with 

resin. 

Allow 5-7 days for CFRP to achieve full strength. 
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Seismic Repair Procedure for Flat Slab-Column Connection 

Repair of Flat Slab-Column Connection (Top of Slab) 

Prepare surface—to ensure proper bonding of repair material to existing material. 
1. Remove spalled concrete from area of punched slab—tapping to insure there are no 

horizontally cracked sections. 
2. Remove paint and surface dirt in area surrounding column. 
3. Provide a surface roughened to a ¼ inch amplitude roughness to insure a proper bond 

of the epoxy and concrete. 

Seal bottom of slab—to prevent healer/sealer material from dripping out of cracks and 
forming air pockets within the slab. 
1. Mix 2 components of Sealant Gel (SikaDur 31, Hi-Mod Gel) by volume. 

 2 Part A (Epoxy Resin) 
 1 Part B (Epoxy Accelerator) 

2. Mix until uniform color and shade. 
3. Squeegee onto bottom of slab directly under the entire repair area. 
4. Fill spalled areas of concrete and squeegee to desired aesthetic finish. 
5. Allow Set time (at least ½ hour from mixing). 

Repair of concrete cracks 
1. Mix 2 components of super low viscosity epoxy resin (SikaDur 55 SLV) by volume 

 2.5 Part A (Epoxy Compound) 
 1 Part B (Epoxy Accelerator) 

2. Mix with Sika Paddle for 3 minutes at 400 to 600rpm. 
3. Pond the mixture to cover the entire repair area and continue to add until the concrete 

no longer accepts fluid. 
4. Also serves as a prime coat for following step of procedure. 

Patch slab surface—to replace spalled sections of concrete to the normal grade. 
1. Mix 2 components of low modulus, low viscosity epoxy binder with silica sand 

(SikaDur 21, Lo-Mod LV). 
 1 Part A (Epoxy Compound) 
 1 Part B (Epoxy Accelerator) 

2. Mix with Sika Paddle for 3 minutes at 400 to 600rpm. 
3. Slowly add 6 parts of silica sand (oven-dried sand) to 1 part of SikaDur 21 (mixed) 

until sand and epoxy slightly clump together. 
4. Apply epoxy mortar to area of spalled concrete on top of slab with trowel—finish 

with finishing trowel. 
5. Allow at least 6 hours to set but no more than 24 hours before moving on to next step. 
 
NOTE: Specimen 4HSR repair stopped here. 
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Apply Carbon Fiber Composite 
1. Prepare Carbon Fiber Fabric (SikaWrap Hex 103C) by cutting to size required (four 

pieces—25 inches by 60 inches). 
2. Mix 2 components of high-modulus, high strength, impregnating resin (Sikadur Hex 

300) by weight. 
 1 Part A (Modified Epoxy Resin) 
 0.35 Part B (Epoxy Hardener) 

3. Mix thoroughly for 5 minutes with low speed paddle 400 to 600rpm. 
4. Apply sealer/prime coat of epoxy with rollers over the entire surface of repair area. 
5. Add strip of SikaWrap Carbon Fiber over the prime coat (in major bending direction 

first). 
6. Add more epoxy to the top of strip. 
7. Work the resin through the carbon fiber in the direction of the strands with both 

squeegees and grooved rollers to remove air pockets and to completely saturate the 
fabric. 

8. Repeat procedures 4 through 7 for all strips required. 
9. Make 12-inch sample coupon (double layer) of carbon fiber fabric with impregnated 

epoxy resin for testing. 
10. Wait a minimum of one day to cure before inspection. 

Inspection of Composite for Air Voids 
1. Lightly scratch surface of composite and listen for hollow areas. 
2. For areas larger than 3” in diameter, drill a ¼-inch hole at low speed to penetrate the 

carbon fiber layers. 
3. Inject Sikadur Hex 300 epoxy into hole to fill void completely. 
4. Patch holes with 4-inch by 4-inch strip of carbon fiber fabric and impregnate with 

resin. 

Allow 5-7 days for CFRP to achieve full strength. 
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Repair of Flat Slab-Column Connection (Bottom of Slab) 

Prepare surface—to ensure proper bonding of repair material to existing material. 
1. Remove spalled concrete from area of punched slab—tapping to insure there are no 

horizontally cracked sections. 
2. Remove paint and surface dirt in area surrounding column. 
3. Provide a surface roughened to a ¼ inch amplitude roughness to insure a proper bond 

of the epoxy and concrete. 

Patch slab surface—to replace spalled sections of concrete 
1. Mix 2 components of Sealant Gel (SikaDur 31, Hi-Mod Gel) by volume. 

 2 Part A (Epoxy Resin) 
 1 Part B (Epoxy Accelerator) 

2. Mix until uniform color and shade 
3. Add primer coating to roughened surface with brush/rollers. 
4. Then mix in aggregate with a 3/8” top size to remaining batch of SikaDur 31 (mixed). 
5. Trowel SikaDur 31 grout onto bottom of slab directly under the entire repair area. 
6. Mix SikaDur 32 with silica sand and Aerosil #1 (epoxy extender). 
7. Trowel SikaDur 32  grout over SikaDur 31 grout to provide a smooth finished 

surface. 
8. Allow Set time (at least ½ hour from mixing). 

Prepare Carbon Fiber Composite 
1. Prepare Carbon Fiber Fabric (SikaWrap Hex 103C) by cutting to size required (four 

pieces—25 inches by 60 inches). 
2. Mix 2 components of high-modulus, high strength, impregnating resin (Sikadur Hex 

300) by weight. 
 1 Part A (Modified Epoxy Resin) 
 0.35 Part B (Epoxy Hardener) 

3. Mix thoroughly for 5 minutes with low speed paddle 400 to 600rpm. 
4. Impregnate SikaWrap Hex 103C strips with mixed Sikadur Hex 300 epoxy from both 

sides using squeegee.  
5. Roll impregnated Carbon Fiber Fabric onto 3” diameter PVC pipes for installation 

onto bottom of slab. 
6. There is a 3-4 hour time period to apply CFRP before setting takes place. 

Application of Carbon Fiber Composite onto bottom of slab 
1. Mix 2 components of SikaDur 330. 

 1 Part A (Epoxy Compound) 
 1 Part B (Epoxy Accelerator) 

2. Mix with Sika Paddle for 3 minutes at 400 to 600rpm. 
3. Apply with brushes and/or rollers onto prepared surface (30 minute limit to apply 

composite). 
4. Apply CFRP by rolling out impregnated Fabric from PVC pipe onto Sikadur 330 

prepared surface. 
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5. Work the carbon fiber in the direction of the strands with grooved rollers to remove 
air pockets. 

6. Repeat procedures 4 through 5 for all strips required. 
7. Make 12-inch sample coupon (folded double layer) of carbon fiber fabric with 

impregnated epoxy resin for testing. 

Inspection of Composite for Air Voids 
1. Lightly scratch surface of composite and listen for hollow areas. 
2. Repair as previously described if required. 

Allow 5-7 days for CFRP to achieve full strength. 
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Appendix C 

Sample Calculations and C+ Computer Code
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Sample Calculation of Applied Moment, Mu, at cracked section of Specimen ND2R 

The applied moment at the cracked section based on the geometry of the applied 

gravity load and the total unbalanced moment Mub resulting from the applied lateral load 

at the top of the column.  This unbalanced moment is then distributed based on the 

bending stiffness of the slab at the connection within a c2 + 3h width centered on the 

column.  One side of the slab is subjected to positive bending while the other is subjected 

to negative bending.  Since the top slab reinforcement is different for the bottom slab 

reinforcement, there is a different stiffness for the slab depending on what type of 

bending it is being subjected to.   

For specimen ND2R, this results in a total unbalanced moment of 521 kip-inches.  

Redistribution of the moment based on the stiffness of the slab, as described above, 

results in an unbalanced moment of 491 kip-inches applied toward negative bending at 

the centerline of the column.  This moment linearly decreases to zero at the load rods.  At 

the location of the crack the moment was the sum of 181.7 kip-inches (from unbalanced 

moment), 14.3 kip-inches (from slab self weight), and 9.0 kip-inches (from weights hung 

from bottom of the slab).  The total moment applied at the location of the crack in the 

slab was 205 kip-inches. 

 

142 



Sample Calculation of Cracked Moment Capacity, Mcr, of Specimen ND2R 

The cracked moment capacity, Mcr, of a concrete beam is based on the extreme 

fiber stress (modulus of rupture) calculated using the equation below: 

I
yMf cr

r =         

where fr is the rupture modulus of concrete, y is the distance from the neutral axis of the 

un-cracked section, I is the moment of inertial of the un-cracked section.  Solving for Mcr 

and substituting the ACI Code value for the rupture modulus of concrete into the 

equation: 

y
IfM rcr =        Equation C-1 

y
If'5.7M ccr =       Equation C-2 

Using the experimentally determined modulus of rupture and equation C-1 for 

specimen ND2R, I based on a section width of 108 inches and depth of 4.5 inches, and a 

y of 2.25 inches.  Mcr is calculated to be 230 kip-inches. 

Using equation C-2 for specimen ND2R, I based on a section width of 108 inches 

and depth of 4.5 inches, and a y of 2.25 inches.  Mcr is calculated to be 173 kip-inches. 
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Sample Calculation of Nominal Shear Stress, νn, of Specimen 2CSR: 

 This is a sample calculation of the punching shear capacity at the critical 

perimeter of specimen 2CSR: 
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The nominal shear stress is based on the maximum possible stress at the critical perimeter 

in a direct punching mode of failure.  
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Sample Calculation of Flexural Moment Capacity, Mf, of Specimen 3SLR: 

 The calculation of the flexural moment capacity of each specimen was performed 

using the following computer program that utilizes the iterative procedure as defined by 

the ACI committee 440 draft guidelines as discussed in section 6.3 of this report.  The 

program calculates the flexural capacity of a beam bending in one direction.  To 

determine the flexural capacity of a slab column connection the program must be run two 

times, once to calculate the positive bending capacity and again for the negative bending 

capacity.   

 

/* Author: Gaur P. Johnson 
 Title: FRPBEND.c 
 Date: 5/2/01     */ 
 
/* 
 This program determines the ultimate capacity of a RC beam retrofitted with externally bonded 
FRP.  It was designed to be used to determine the unbalanced bending capacity of a two-way slab at the 
face of the column.  The positive capacity and negative capacity must be determined seperately (running it 
2 times) and added together to obtain the connections total bending capacity.  The calculation is based on 
the Flexural Strengthening section of the ACI Committee 440 Draft Report: Guide for the Design and 
construction of Externally Bonded FRP Systems for Strengthening Concrete Structures. 
 
*/ 
 
#include<math.h> 
#include<stdio.h> 
 
main() 
{ 
/* Declarations     */ 
double Af;   /* Area of FRP in the c2+3h effective beam width  */ 
double As;    /* Area of tension steel at column face within in the  */ 

/* c2+3h effective beam width.   */ 
double b;   /* Effective beam width.    */ 
double c;   /* Depth to the neutral axis of effective beam. */ 
double c_star;   /* Next iterative "guess" of the neutral axis depth. */ 
double d;   /* Average depth of tensile steel.   */ 
double h;   /* Slab thickness.     */ 
double e_fe;   /* Effective FRP strain.    */ 
double e_bi;   /* Strain in concrete substrate at the time of FRP. */ 
    /* installation (based on slab self weight.  */ 
double km;   /* Bond dependent coefficient for flexure.  */ 
double e_fu;   /* Ultimate strain of FRP.    */ 
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double e_s;   /* Strain in tensile steel.    */ 
double fc_prime;   /* Ultimate concrete strength (design strength). */ 
double f_s;   /* Stress in tensile steel.    */ 
double f_s_star;   /* Next iterative "guess" of the tensile steel strain. */  
double f_y;   /* Yield strength of steel.    */ 
double f_fe;   /* Effective stress in the FRP.   */ 
double f_fe_star;   /* Next iterative "guess" of the stress in the FRP. */ 
double Es;   /* Steel Modulus of Elasticity.   */ 
double Ef;   /* Concrete Modulus of Elasticity.   */ 
double psi;   /* Partial bending strength reduction factor for FRP. */ 
double ga_wsb;   /* Whitney stress block factor (gamma = 0.85). */ 
double beta1;   /* Equivalent depth ratio from Whitney stress block. */ 
double Cc;   /* Compression Force in the Concrete.  */ 
double Ts;   /* Tensile force in the steel.   */ 
double Tf;   /* Tensile force in the FRP.   */ 
double Mn;   /* Nominal moment capacity of equivalent beam. */ 
 
/* Initialization of input file  */ 
 int GD=1; 
 FILE *input, *output; 
 char infile[15], outfile[15]; 
 
 
/* Get data from input file    */ 
/* The data must be in a space or tab delimited file */ 
/* containing the following variables in the order  */ 
/* listed: Af, As, b, d, h, e_bi, km, e_fu, fc_prime,  */ 
/* f_y, Es, Ef, psi, and ga_wsb.    */ 
 
 printf("***FRP BENDING CAPACITY PROGRAM***\n"); 
 printf("Input file : ");  
 scanf("%s", infile); 
 input = fopen(infile, "r"); 
 if (input == NULL) { 
  printf("!! CAN NOT OPEN INPUT FILE !!\n"); 
  exit(0); 
  } 
 fscanf(input,"%lf %lf %lf %lf %lf %lf %lf %lf %lf %lf %lf %lf %lf"  
  "%lf", &Af, &As, &b, &d, &h, &e_bi, &km, &e_fu, &fc_prime,  
  &f_y, &Es, &Ef, &psi, &ga_wsb); 
 
/* Start Calculation (guess "c" at middle of section) */ 
 c=h/2+1; 
 c_star=h/2; 
/* Determine Beta1.    */ 

if(fc_prime<=4) beta1=0.85; 
 if(fc_prime>4 && fc_prime<=8) beta1=0.85-0.05*(fc_prime-4); 
 if(fc_prime>8) beta1=0.65; 
 
/* Iterate until neutral axis depth is determined. */ 

while(fabs(c_star-c)>=0.001) 
  { c=c_star; 
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/* Find Strain in FRP and Steel.    */ 
  e_fe=0.003*((h-c)/c)-e_bi; 
  if(e_fe>e_fu)  
   e_fe=km*e_fu; 
  e_s=(e_fe+e_bi)*((d-c)/(h-c)); 
 
/* Convert strains to stresses.   */ 
  f_fe=Ef*e_fe; 
  f_s=Es*e_s; 
  if(f_s>f_y) 
   f_s=f_y; 
 
/* Calculate new "c" (c_star) to satisfy statics. */ 
  c_star=((As*f_s)+(Af*f_fe))/(ga_wsb*fc_prime*beta1*b); 
 
  } 
 
/* Open file where results will be saved.  */ 

output = fopen (infile, "a+"); 
 if (output == NULL) { 
  printf("!! CAN NOT OPEN OUTPUT FILE !!\n"); 
  exit(0); 
  } 
 
/* Calculate Nominal Moment and save results to file.*/ 
 if(f_s>=f_y) 
 { printf("Tensile Steel Yielding!\n"); 
  fprintf(output,"Tensile Steel Yielding!\n"); 
 } 
 if(e_fe>=e_fu) 
 { printf("Rupture of FRP!\n"); 
  fprintf(output,"Rupture of FRP!\n"); 
 } 
 Ts=As*f_s; 
 Tf=Af*f_fe; 
 Cc=ga_wsb*fc_prime*beta1*c*b; 
 Mn=(As*f_s*(d-(beta1*c*0.5)))+(psi*Af*f_fe*(h-(beta1*c*0.5))); 
 printf("Ts= %f\nTf= %f\nCc= %f\nMn= %f\n", Ts,Tf,Cc,Mn); 
 
 fprintf(output,"Ts=\t%f\nTf=\t%f\nCc=\t%f\nMn=\t%f\n", 
  Ts,Tf,Cc,Mn); 
 
} 
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