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EXPERIMENTAL PROGRAM FOR FIBER REINFORCED 

POLYMER RETROFIT OF REINFORCED CONCRETE 

DIAPHRAGMS

Hunter G. Hutton 

ABSTRACT 

Lateral forces generated by wind, earthquakes, and other horizontal loads are transmit-

ted from the floor diaphragms to the columns and walls that comprise the vertical lateral force 

resisting system in a building. Strengthening of the diaphragms in older reinforced concrete 

buildings may be necessary for several reasons, including to enhance seismic performance, 

address inadequate strength or stiffness, provide missing or incomplete load paths, improve 

inadequate shear transfer/connection capacity, and to accommodate changes in the use and 

occupancy of the structure. Engineers are currently using externally bonded fiber reinforced 

polymer (FRP) composites to retrofit deficient diaphragms. However, this application is be-

yond the scope of current FRP-related design documents, including ACI PRC-440.2R-17 

“Guide for the Design and Construction of Externally bonded FRP Systems for Strengthening 

Concrete Structures”. The lack of consensus around design recommendations for FRP 

strengthening of diaphragms is problematic and creates uncertainty about which approaches 

are proven and what are best practice. 

This thesis summarizes the results from an experimental research program designed to 

investigate the shear behavior of reinforced concrete diaphragms strengthened using externally 

bonded FRP. Six one-half scale reinforced concrete cantilever diaphragms were tested in shear 

to evaluate the influence of FRP material, density, spacing, orientation, and intermediate an-

chorage configuration on the performance of diaphragm strengthening. The specimens were 

designed to represent the diaphragm shear zone adjacent to a shear wall in a concrete building. 

The tests were performed using a reverse cyclic displacement protocol representative of earth-

quake actions. The tests included a baseline unretrofitted concrete specimen, followed by five 

retrofitted specimens with different configurations of externally bonded FRP. Each retrofitted 

specimen was designed to maintain a similar FRP axial stiffness while varying the FRP retrofit 

parameters. 



The results demonstrated that externally bonded FRP retrofitting improved both the 

shear strength and stiffness of the strengthened test specimens. All the retrofitted specimens 

experienced an FRP debonding failure initiated by intermediate shear cracks with the field of 

the diaphragm, occurring after yielding of the internal steel rebar. The results highlighted that 

the overall behavior of the specimens was influenced by the way the retrofit schemes were 

proportioned and detailed. For example, the application of FRP parallel to the direction of 

applied shear was found to be most effective at increasing the diaphragm strength. Conversely, 

the application of FRP perpendicular to the applied shear was found to increase the diaphragm 

ductility. In addition, the shear strength contribution of externally bonded FRP was signifi-

cantly influenced by the retrofit surface coverage. Compared with narrow strips of high-den-

sity fabric, retrofits detailed with less dense fabric spread uniformly over the surface exhibited 

superior performance due to better control of the shear cracks. Furthermore, no meaningful 

difference in performance was observed between diaphragms strengthened with glass and car-

bon FRP composites, provided the retrofits were proportioned to achieve comparable levels of 

stiffness. This finding suggests that either type of fabric may be suitable for diaphragm 

strengthening. Finally, the use of overstrength intermediate FRP anchors did not noticeably 

affect the FRP shear strength contribution. However, the presence of intermediate anchors led 

to localized failures that concentrated inelastic diaphragm response between anchor locations, 

resulting in a significant reduction in diaphragm deformation capacity. 

The test results were used to develop design recommendations for shear strengthening 

existing concrete diaphragms using externally bonded FRP. The recommendations included 

guidance on how to establish the effective FRP design strain and the nominal shear strength 

contribution of the FRP, both of which tended to be conservative and underestimated the actual 

behavior observed during the experiments. The recommendations also address the use of in-

termediate and end FRP anchors, limitations on the clear spacing between sheets, and other 

factors pertinent to retrofit design.  
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GENERAL AUDIENCE ABSTRACT 

The floor diaphragm in a reinforced concrete building transmits lateral forces generated 

by wind, earthquakes, and other horizontal loads to the building’s vertical lateral force resisting 

system. Diaphragms in older reinforced concrete buildings are often retrofitted to meet seismic 

demands. Retrofitting deficient diaphragms increases infrastructure sustainability by promot-

ing reuse and reconfiguration of existing buildings while mitigating structural deficiencies. 

Using externally bonded fiber reinforced polymer (FRP) composites is a common strengthen-

ing technique often used without supporting guidance or test data. An industry need for dia-

phragm retrofit provisions, coupled with a substantial lack of data clearly indicates a need for 

experimental testing of diaphragm elements strengthened with externally bonded FRP. 

This thesis summarizes the results from an experimental research program designed to 

investigate the shear behavior of reinforced concrete diaphragms strengthened using externally 

bonded FRP. Six reinforced concrete diaphragm specimens were tested to study how variations 

in FRP material, density, spacing, orientation, and anchorage configuration impacted the per-

formance of the retrofit. One specimen served as a control while the five other specimens were 

retrofitted with various configurations of FRP. The control specimen experienced a diagonal 

tension shear failure while each FRP strengthened specimen exhibited an FRP debonding fail-

ure, which was initiated by intermediate shear cracks occurring within the field of the dia-

phragm. The experimental results were analyzed to understand how the FRP retrofits affected 

the strength, stiffness, ductility, and energy dissipation of each specimen. It was concluded 

that externally bonded FRP improves the seismic performance of a building by increasing the 

in-plane shear strength of the diaphragm. Existing design provisions were evaluated and com-

pared to the experimental findings. Design recommendations were formed based on the ob-

served affect of the test variables.  
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Chapter 1. Introduction 

1.1. General 

The role of the horizontal lateral force resisting system (hLFRS) in a building is to 

transmit lateral loads to the vertical lateral force resisting system (vLFRS). In reinforced con-

crete structures, the hLFRS is comprised of diaphragm shear zones, chords, and collectors. 

The chords are designed to resist flexure due to lateral loading, while the diaphragm shear 

zones are designed to ensure these lateral loads are transferred to the collectors. Finally, the 

collectors are designed to transfer the lateral loads into the vLFRS. Figure 1.1 illustrates the 

role of the hLFRS in a typical reinforced concrete building.  

 
Figure 1.1. Reinforced Concrete hLFRS: (a) Components of the hLFRS; (b) Schematic of the 

Lateral Force Resisting System in a Typical Concrete Building (ACI 2019).  

 

1.2. Motivation 

Reinforced concrete hLFRS often require retrofit when elements of the vLFRS are re-

located due to renovations, when there are new penetrations cut in the slab, or in older build-

ings when deficiencies in the hLFRS load path, strength, or ductility are discovered. Interviews 

with engineers who have experience strengthening older buildings indicated that typical defi-

ciencies in reinforced concrete hLFRS include: (i) low strength concrete with compressive 

strengths less than 3000 psi; (ii) thin slab depths that do not meet current code requirements; 
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(iii) Grade 40 reinforcing steel; and (iv) reinforcement ratios/spacings that do not meet code 

requirements.  Some reinforced concrete hLFRS retrofits rely on providing increased slab 

thickness and encasement of existing components to improve the seismic performance (FEMA 

2006). However, engineers struggle with these interventions since they are expensive, disrup-

tive, and add considerable mass to the building, which in turn increases seismic demands and 

may require strengthening the gravity system and/or vLFRS. 

Alternatively, FRP composites may be used as a retrofit technique for diaphragm 

strengthening. Techniques involve bonding a FRP composite system to the existing concrete 

surface to add additional tension strength to the system. Externally bonded FRP is a proven 

and commercially viable construction technology widely used for mitigating earthquake vul-

nerabilities and corrosion-related issues in slabs, moment frames, and shear walls (ACI 2017). 

Yet, the use of FRP to address hLFRS deficiencies is outside the scope of current FRP-related 

design documents (del Rey Castillo et al. 2019). The lack of consensus-based design recom-

mendations for FRP strengthening of deficient hLFRS is problematic and creates uncertainty 

about which approaches are proven and what is best practice. Despite these issues, a number 

of FRP strengthening projects on concrete hLFRS have been completed over the past decade 

to address deficiencies related to chords, collectors, and in-plane diaphragm shear strength in 

hospitals, schools, government, and private sector buildings, both in the United States and 

abroad (Rosenboom and Kehoe 2009; Arnold et al. 2011; Ellsworth 2013; Aegion 2016; 

MacFarlane and Gold 2016; Rosenboom et al. 2017; Ormeno et al. 2019). 

The completion of the aforementioned projects indicates a clear industry need for via-

ble FRP strengthening techniques as cost-effective alternatives to traditional strengthening. 

However, ACI PRC-440.2R-17 (2017) which is the American Concrete Institute’s Guide for 

the Design and Construction of Externally Bonded FRP Systems for Strengthening Concrete 

Structures does not cover FRP strengthening of hLFRS due to a lack of available test data 

(Harries and Witt 2019). This lack of guidance is problematic because ACI PRC-440 (2017) 

is the current state-of-the-art document being used for strengthening concrete structures with 

FRP.  Most other components covered by ACI PRC-440 (2017) can be tested at full or near 

full scale, while full-scale FRP-strengthened hLFRS tests are not feasible for most testing pro-

grams (Erickson 2019). Members of ACI Subcommittee 440.0F have been aware of the 
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deficiency within ACI 440 (2017), but they have been unable to develop new guidance due to 

the lack of available data.  

As a result of a lack of data related to FRP strengthening of hLFRS, designers have 

relied on test data of FRP strengthened shear walls to justify diaphragm strengthening (FEMA 

2006). However, this approach may be inappropriate because shear walls have significantly 

different geometry, stress states, and failure modes. Diaphragms are often much thinner with 

ratios of thickness to plan dimension substantially smaller than shear walls. Shear walls are 

often prismatic and act as cantilever beams with well-defined axial force, bending and shear 

at the base (ACI 1992), whereas diaphragms have many reaction points by the vLFRS with 

openings and reentrant corners making the stress states highly indeterminate and complex. 

Flexural hinging at the base is the preferred failure mode for shear walls which is not applicable 

to hLFRS because they are likely to experience diaphragm shear failure, loss of shear transfer 

at the perimeter, or axial failure of a collector. 

1.3. Objectives & Scope 

The overall objective of this research project was to investigate the performance of 

reinforced concrete diaphragms retrofitted using externally bonded FRP. To achieve this ob-

jective, a large-scale experimental test setup was devised, and reinforced concrete test speci-

mens were specifically designed to exhibit a shear failure that would allow for FRP shear 

strengthening in subsequent specimens. A total of six specimens were tested, with one serving 

as the unretrofitted control and the remaining five strengthened with various configurations of 

externally bonded FRP systems. Strain and strength limits for diaphragm strengthening were 

explored as a function of FRP material, density, and spacing. The effectiveness of end anchor-

age versus intermediate anchorage on FRP bond performance was also investigated. Further-

more, parallel versus perpendicular orientation of FRP plies with respect to the direction of 

applied shear force was studied. The experimental results were compared to design calcula-

tions from ACI PRC-440.2R (2017) in order to validate and expand upon existing guidelines. 

The experiments focused on diaphragm shear strengthening due to the critical lack of design 

guidance and test data. This research contributed to increased infrastructure sustainability by 

facilitating reuse and reconfiguration of existing buildings to satisfy changing occupant needs 
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while also mitigating structural deficiencies to produce resilient behavior during natural haz-

ards.  

The scope of this research program was as follows: 

1. Reviewed previous research into the use of fiber reinforced polymers for retrofitting 

reinforced concrete diaphragms to establish the state-of-the-art-practice and identify 

research gaps.    

2. Conducted experimental testing of six, 4 in. thick, 10 ft × 8.5 ft cantilever diaphragms. 

One specimen served as an unretrofitted control while the five remaining specimens 

were strengthened with various arrangements of externally bonded FRP. The five ret-

rofit configurations varied FRP material, ply width, ply spacing, ply orientation, and 

anchorage. To understand specimen behavior including stiffness, strength, ductility, 

debonding, anchor failure, and FRP strain level, each test utilized ten string potentiom-

eters, two laser displacement transducers, and sixteen to twenty-two strain gauges.  

3. Analyzed test data to understand how variations in FRP material, ply width, ply spac-

ing, ply orientation, and anchorage effected stiffness, strength, FRP strain, ductility, 

and energy dissipation.  

4. Evaluated existing ACI PRC-440.2R specifications relating to shear strengthening of 

diaphragms with FRP to identify any issues and knowledge gaps in the existing speci-

fications and propose revisions. 

1.4. Thesis Organization 

Chapter 1 presents an overview of the project and research objectives. Chapter 2 sum-

marizes relevant literature pertaining to the retrofit of reinforced concrete diaphragms with 

externally bonded FRP. Chapter 3 presents specimen details and methods involved to complete 

the experimental study. Chapter 4 provides the test results from the six specimens. Chapter 5 

includes an analysis of the testing results. Chapter 6 evaluates the impact of the variables 

within the testing matrix, and Chapter 7 provides conclusions and design recommendations. 
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Additional design calculations, design drawings, experimental measurements, FRP data 

sheets, crack maps, and detailed corrections are provided in the Appendices.  
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Chapter 2. Literature Review 

2.1.  Overview 

Limited literature is available regarding in-plane shear strengthening of reinforced con-

crete diaphragms with externally bonded FRP. Nonetheless, this chapter summarizes the cur-

rent state of design guidelines, a review of prior research involving FRP strengthening of re-

inforced concrete diaphragms, and a discussion of example buildings where FRP has been 

applied to improved diaphragm action. 

2.2. Current Strengthening Guidelines 

ACI PRC-440.2R-17 (2017) is the American Concrete Institute’s Guide for the Design 

and Construction of Externally Bonded FRP Systems for Strengthening Concrete Structures. 

Shear strengthening of reinforced concrete members is presented in Chapter 11; however, the 

guidance within this chapter is primarily focused on reinforced concrete beams and columns. 

Due to this focus, the recommended retrofit schemes, including complete wrapping, three-

sided U-wrapping, and a two-sided installation, do not apply to reinforced concrete diaphragms 

that are most typically strengthened on one side only (Dhakal et al. 2022). Nevertheless, due 

to the lack of specific guidelines the guidance within Chapter 11 of ACI PRC-440.2R (2017) 

is used to design and proportion strengthening schemes for shear deficient reinforced concrete 

diaphragms (Ormeno et al. 2019).  To determine the shear strength of a reinforced concrete 

member strengthened with FRP, Eq. (1) can be used.  

  𝑛   𝑐 +  𝑠 +𝛹𝑓 𝑓 (1) 

where:  𝑛 is the nominal shear strength (lbs);  𝑐 is the nominal shear strength provided by 

concrete (lbs);  𝑠 is the nominal shear strength provided by steel (lbs.); 𝛹𝑓 is the FRP strength 

reduction factor that accounts for bond reliability; and  𝑓 is the nominal shear strength pro-

vided by FRP (lbs). This expression assumes that the peak concrete shear strength, reinforce-

ment yielding, and debonding or rupture of FRP occur simultaneously.  
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The nominal shear strength provided by concrete,  𝑐, can be calculated with Eq. (2) 

adopted from Chapter 12 of ACI 318 (2019).  

  𝑐  𝐴𝑐𝑣2𝜆√𝑓𝑐′ (2) 

where:  𝑐 is the nominal shear strength provided by concrete (lbs); 𝐴𝑐𝑣 is the gross concrete 

section for diaphragms (in.2); 𝜆 is the lightweight concrete modification factor; and 𝑓𝑐′ is the 

concrete compressive strength (psi).  

The nominal shear strength provided by reinforcing steel,  𝑠, can be calculated with 

Eq. (3) and is also adopted from Chapter 12 of ACI 318 (2019).  

  𝑠  𝐴𝑐𝑣𝜌𝑡𝑓𝑦 (3) 

where:  𝑠 is the nominal shear strength provided by steel (lbs); 𝐴𝑐𝑣 is the gross concrete section 

for diaphragms (in.2); 𝜌𝑡 is the ratio of distributed reinforcement oriented parallel to in-plane 

shear; and 𝑓𝑦 is the reinforcement yield strength (psi). The contribution of reinforcement ori-

ented perpendicular to the in-plane shear is typically ignored for design purposes.  

The nominal shear strength provided by FRP,  𝑓, can be calculated with Eq. (4).  

 
 𝑓  

𝐴𝑓𝑣𝑓𝑓𝑒(𝑠𝑖𝑛𝛼 + 𝑐𝑜𝑠𝛼)𝑑𝑓𝑣

𝑠𝑓
 

(4) 

where:  𝑓 is the nominal shear strength provided by FRP (lbs); 𝐴𝑓𝑣 is the area of FRP shear 

reinforcement (in.2); 𝑓𝑓𝑒 is the effective stress in FRP (psi); 𝛼 is the angle of application of 

primary FRP reinforcement relative to the longitudinal axis of the member (deg); 𝑑𝑓𝑣 is the 

effective depth of FRP shear reinforcement (in.); and 𝑠𝑓 is the center-to-center spacing of FRP 

strips (in.).  

The effective stress of FRP used in Eq. (4) can be determined with Eq. (5) which is 

dependent on an effective strain. Chapter 11 of ACI PRC-440.2R (2017) explains the effective 

strain is significant because externally applied FRP typically debonds from the concrete sur-

face prior to reaching the FRP material’s ultimate strain.  



 

8 

 𝑓𝑓𝑒  𝐸𝑓𝜀𝑓𝑒 (5) 

where: 𝑓𝑓𝑒 is the effective stress in FRP (psi); 𝐸𝑓 is the tensile modulus of elasticity of FRP 

(psi); and 𝜀𝑓𝑒 is the effective strain in FRP (in./in.).  

Two equations for determining the effective FRP strain are presented in Chapter 11 of 

ACI PRC-440.2R (2017). Equation 11.4.1.1 is intended for completely wrapped members 

while Equation 11.4.1.2 is intended for bonded U-wraps or bonded face plies. Both equations 

were developed for unanchored FRP retrofits on beams and impose an effective strain limita-

tion of 0.4%. While neither equation may be appliable for diaphragm retrofits, the project’s 

advisory panel indicated that engineers are using the equation for U-wraps/bonded face plies 

for diaphragm retrofit design. This equation was calibrated from FRP pull-tests which could 

be similar to tension forces experienced by FRP sheets installed on reinforced concrete dia-

phragms for shear reinforcement (Khalifa et al. 1998). The effective FRP strain for U-

wraps/bonded face plies can be determined with Eq. (6). 

 𝜀𝑓𝑒  𝜅𝑣𝜀𝑓 ≤ 0.004 (6) 

where: 𝜀𝑓𝑒 is the effective strain in FRP (in./in.); 𝜅𝑣 is the bond-dependent coefficient for shear; 

and 𝜀𝑓  is the rupture strain of FRP (in./in.).  

The bond-dependent coefficient for shear, 𝜅𝑣, can be calculated with Eq. (7) and is 

dependent on the active bond length,  𝑒, the concrete modification factor, 𝑘1, and the wrapping 

scheme modification factor, 𝑘2. Each of these variables can be determined with equations (8), 

(9), and (10) respectively.  

 
𝜅𝑣  

𝑘1𝑘2 𝑒
468𝜀𝑓 

 
(7) 

where: 𝜅𝑣 is the bond-dependent coefficient for shear; 𝑘1 is the concrete modification factor; 

𝑘2 is the wrapping scheme modification factor;  𝑒 is the active bond length (in.); and 𝜀𝑓  is 

the rupture strain of FRP (in./in.). 
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 𝑒  

2500

(𝑛𝑡𝑓𝐸𝑓)0.58
 

(8) 

where:  𝑒 is the active bond length (in.); 𝑛 is the number of FRP plies; 𝑡𝑓 is the thickness of 

one FRP ply (in.); and 𝐸𝑓 is the tensile modulus of elasticity of FRP (psi). 

 
𝑘1  (

𝑓𝑐′ 

4000
)

2 3⁄

 
(9) 

where: 𝑘1 is the concrete modification factor; and 𝑓𝑐′  is the concrete compressive strength 

(psi). 

 
𝑘2  

𝑑𝑓𝑣 −  𝑒

𝑑𝑓𝑣
 (U − wraps) 

 𝑘2  
𝑑𝑓𝑣 − 2 𝑒

𝑑𝑓𝑣
(two sides bonded) 

(10) 

where: 𝑘2 is the retrofit scheme modification factor; 𝑑𝑓𝑣 is the effective depth of FRP shear 

reinforcement (in.); and  𝑒 is the active bond length (in.). 

Dhakal et al. (2022) reported that a panel of academic and industry professionals rec-

ommended a design strain 𝜀𝑓𝑒 no greater than 0.15% to prevent intermediate crack induced 

debonding, limit the loss of aggregate interlock contributing to the concrete shear strength, and 

limit the reinforcing steel strain to control crack widths (Dhakal et al. 2022). However, no data 

is available to support this limit. Therefore, one major desired outcome of this study is to de-

termine an effective FRP design strain for FRP strengthened reinforced concrete diaphragms. 

Chapter 11 of ACI PRC-440.2R (2017) also discusses the need for further research to 

investigate the spacing of FRP strips. The spacing of FRP is an important parameter that is 

intended to control cracking. Wider FRP strip spacing tends to increase diagonal concrete 

crack formations in the clear spacing between strips (Khalifa et al. 1998). Currently, the only 

limitation is for FRP to adhere to the internal steel shear reinforcement spacing limitations 

defined in Chapter 18 of ACI 318 (2019) which limits the spacing of reinforcement in floor 

and roof systems to 18 in. Furthermore, a reinforcement limit is defined within Chapter 11 
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which is presented as Eq. (11). This requirement is intended to limit the shear strength provided 

by reinforcing steel and FRP in order to prevent diagonal crushing of concrete struts.  

  𝑠 +  𝑓 ≤ 8√𝑓𝑐′ 𝑏𝑤𝑑 (11) 

where:  𝑠 is the nominal shear strength provided by steel (lbs);  𝑓 is the nominal shear strength 

provided by FRP (lbs); 𝑓𝑐′ is the compressive strength of concrete (psi); 𝑏𝑤 is the web width 

(in.); and 𝑑 is the distance from the extreme compression fiber to the centroid of the tension 

reinforcement (in.).  

Chapter 13 of ACI PRC-440.2R (2017) includes guidance for seismic strengthening; 

however, reinforced concrete diaphragms are not mentioned. Nonetheless, provisions are in-

cluded for shear wall strengthening. Eq. (12) from Chapter 13 provides the nominal shear 

strength of FRP for a one-to-two-sided retrofit. This equation is frequently used for diaphragm 

retrofits. Ormeno et al. (2019) explained that because no explicit diaphragm strengthening 

guidelines exist, the design equations intended for beams, slabs, and walls are often adopted 

for diaphragm strengthening in practice (Ormeno et al. 2019). 

  𝑓  2𝑡𝑓𝜀𝑓𝑒𝐸𝑓𝑑𝑓𝑣 (two − sided retrofit) 

 𝑓  0.75𝑡𝑓𝜀𝑓𝑒𝐸𝑓𝑑𝑓𝑣 (one − sided retrofit) 

(12) 

where:  𝑓 is the nominal shear strength provided by FRP (lbs); 𝑡𝑓 is the nominal thickness of 

one ply of FRP reinforcement (in.); 𝜀𝑓𝑒 is the effective strain in FRP (in./in.); 𝐸𝑓 is the tensile 

modulus of elasticity of FRP (psi); 𝑑𝑓𝑣 is the effective depth of the shear wall (in.); and the 

constant represents the number of sides retrofitted with FRP; however, it is conservatively 

reduced to 0.75 for one sided retrofits.  

2.3. Diaphragm Tests 

Aryan et al. (2022) performed a series of five tests involving reinforced concrete dia-

phragms subjected to cyclic, three-point bending, in-plane shear load. One specimen served as 

an unretrofitted control while the four others were strengthened with various configurations of 

externally bonded FRP. The four retrofits varied FRP material, FRP ply width, and the number 
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of sides to which the FRP was applied. The testing setup used in the study is shown in Figure 

2.1.  

 
Figure 2.1. Testing Setup Used by Aryan et al. (Aryan et al. 2022). 

The control specimen (Specimen 3-0 in Figure 2.2) was reported to have failed due to 

concrete diagonal shear cracking. The three specimens strengthened on only one side failed 

due to FRP debonding followed by concrete diagonal shear cracking. The authors noted that 

the specimen strengthened on both sides (Specimen 3-G-2) locally failed due to concrete 

crushing at the load application point. The experimental results showed that each strengthened 

specimen experienced an increase in shear capacity, initial stiffness, and energy dissipation. 

The shear capacity and stiffness improvements are shown in Figure 2.2 which compares each 

specimen’s load-deflection envelope curve. The CFRP strengthened specimens (Specimens 3-

H-1 and 3-H2-1) and GFRP strengthened specimens (Specimens 3-G-1 and 3-G-2) both 

showed an increase in ductility up to 93% and 36%, respectively. The authors also reported 

that the steel reinforcement strains corresponding to the one-sided retrofits were reduced by 

about 50% when compared to the control specimen. Moreover, the CFRP and GFRP strains 

were limited to 0.5% and 0.75% prior to debonding, respectively. The authors also compared 

the experimental results to the theoretical shear capacity using the shear wall retrofit equations 

presented previously as Eq. (12). This analysis showed that the predicted strength values were 

14 to 33 percent less than the experimental values. It should also be noted that none of the FRP 
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sheets were anchored on any of the retrofitted specimens. Instead, the FRP sheets were 

wrapped at the edges through the diaphragm thickness, a condition which provides excellent 

mechanical anchorage to the FRP. The authors realized that the ends of a diaphragm are not 

often accessible in practice; therefore, they recommend future research on FRP anchorage sys-

tems (Aryan et al. 2022). 

 
Figure 2.2. Load Deflection Envelopes (Aryan et al. 2022). 

A study carried out by Nakashima et al. (1981) involved in-plane loading of unstrength-

ened reinforced concrete diaphragms. The test specimens were intended to represent an interior 

floor panel supported by a shear wall on one side and by columns on the other. Full scale 

specimens were not feasible; therefore, a scale ratio of 1:4.5 was utilized. The testing setup 

was novel because it allowed two specimens to be constructed and cast at the same time. The 

specimens were isolated from each other by a central panel that allowed each specimen to be 

tested independently. Each specimen also received in-plane load via five evenly spaced studs. 

A dimensioned plan and elevation view of the specimen configuration is shown in Figure 2.3.  
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Figure 2.3. Nakashima et al.’s Specimen Details (Nakashima et al. 1981). 

From the experimental testing of six specimens, the authors reported that cyclic loading 

reduced the in-plane capacity of the specimens up to 25%, and applying service gravity loads 

reduced the in-plane capacity by about 15%. However, the researchers also reported that the 

effect of cyclic loading or combined in-plane and gravity loading on ductility was negligible. 

Furthermore, the authors noted that the opening and closing of the major crack controlled the 

deflection once the ultimate load had been exceeded. The failure of the specimen was associ-

ated with rupturing of reinforcing steel at the major crack. The authors also analytically con-

cluded that the in-plane capacity of reinforced concrete diaphragms is controlled by a flexural 

or shear failure. The shear failure is described as a diagonal crack that separates a triangular 

section from the rest of the diaphragm (Nakashima et al. 1981).  

2.4. Building Diaphragms Strengthened with FRP 

Del Rey Castillo et al. (2019) reported on two existing projects that involved strength-

ening of reinforced concrete diaphragms with FRP. One project involved a building in Auck-

land, New Zealand where the hollowcore precast floor system was proven to have inadequate 

tension capacity due to lateral loading scenarios. To remedy the deficiency, FRP strips were 

applied in both orthogonal directions. Additional FRP strips were installed along the perimeter 

which was anchored with FRP anchors. The other project was focused on another deficient 

hollowcore floor system within a building in Wellington, New Zealand. To strengthen the 



 

14 

tension capacity of this diaphragm, FRP strips were again installed in both orthogonal direc-

tions. FRP strips were also installed along the perimeter; however, this retrofit utilized embed-

ded steel plates that were anchored to the bond beam instead of FRP anchors. A plan view of 

this retrofit is illustrated in Figure 2.4. The authors concluded that the common approach to 

increase diaphragm capacity with FRP involves installing an orthogonal grid of FRP strips 

paired with perimeter strips that are anchored to the existing boundary element. However, the 

authors emphasize that there is no research data to justify this common retrofit approach or 

any anchorage types. Furthermore, the authors point out that no design guidance currently 

exists for diaphragm strengthening in ACI PRC-440 (2017), CNR-DT200 (2013), or fib bul-

letin 14 (2001) (del Rey Castillo et al. 2019).  

 
Figure 2.4. FRP Plan Schematic (Del Rey Castillo et al. 2019).  
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Ormeno et al. (2019) conducted in-situ shear-tear tests on FRP strips installed in the 

Wellington, New Zealand building previously mentioned. These tests were conducted by ap-

plying an in-plane tensile load to one end of an externally bonded FRP sheet to determine the 

tensile capacity of the bonded system. While the authors recognized that no strengthening pro-

cedure currently exists, the test results were compared to effective tensile strain and bond 

length predictions. The authors reported that the in-situ tensile strains were 1.5 times greater 

than what was predicted using ACI PRC-440.2R. Additionally, it was noted that higher tensile 

strengths could be developed if the FRP was bonded beyond the calculated development length 

using ACI PRC-440.2R. Ultimately, the authors concluded that specific guidelines need to be 

developed for FRP diaphragm retrofits including specific equations for calculating the tensile 

capacify of FRP (Ormeno et al. 2019).  

2.5. Summary of Literature Review 

This literature review demonstrates a clear need for experimental testing focused on 

FRP strengthened diaphragms. While common retrofit practices are being used, very little re-

search and no design guidelines currently exist to support these practices. The experimental 

study described in this thesis aims to close several of the critical knowledge gaps pertaining to 

diaphragm shear strengthening and use the results to draft preliminary design recommenda-

tions.  
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Chapter 3. Experimental Program 

3.1. Overview 

This experimental program consisted of six cantilever reinforced concrete diaphragm 

tests. One specimen served as an unretrofitted control while the five remaining specimens were 

strengthened with various arrangements of externally bonded FRP and FRP anchorages. This 

chapter provides an overview of the test matrix and retrofit schemes studied, specimen details, 

configuration of the test setup, testing procedure, instrumentation, and construction sequence.  

3.2. Test Matrix 

Isometric views of the cantilever diaphragm specimen are presented in Figure 3.1. The 

diaphragm spanned 8 ft 6 in. (102 in.) from the shear wall boundary and measured 10 ft (120 

in.) in depth. Two 10 in. wide chord beams and one 12 in. wide edge beam extended 6 in. 

below the underside of the 4 in. thick slab. See Section 3.3 for more specimen details.  

 
Figure 3.1. Isometric Views of the Diaphragm Specimen: (a) Top View; (b) Bottom View. 

 

The test matrix, shown in Table 3.1, consisted of six cantilever diaphragm specimens. 

One specimen, CD1, served as the unretrofitted control, while the five remaining specimens, 

CD2-6, were retrofitted with various arrangements of externally bonded FRP.   

 

10’ 

4” Thick  

Diaphragm Slab 

10” × 10” 
Chord Beams 

12” × 10” 
Edge Beam 

(a) 
(b) 
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Table 3.1. Retrofit Testing Matrix. 

  FRP Ply Configuration FRP Anchor Configuration Design 

Speci-

men ID 

FRP  

Material 

Compo-

site 

Modu-

lus, 𝑬𝒇 

(ksi) 

Thick-

ness, 𝒕𝒇  

(in.) 

Width, 

𝒘𝒇 (in.) 

Spac-

ing, 𝒔𝒇 

(in.) 

Orienta-

tion, α  

(deg.) 

Layout 

Diame-

ter  

(in.) 

Anchors 

Per 

Sheet 

Axial Stiff-

ness, 𝑲𝒇 

(kips/in./in.) 

CD1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

CD2 

VWrap 

C100HM, 

CFRP 

16700 0.02 12.0 24 0 End Only 0.5 2 4008 

CD3 

Tyfo SCH-

11UP, 

CFRP 

13900 0.02 14.5 23.2 0 
Intermed. 

+End 
0.75 4 4031 

CD4 

Tyfo SEH-

51A, 

GFRP 

3730 0.05 21.0 21 0 End Only 0.5 4 3917 

CD5 

VWrap 

C200HM, 

CFRP 

14240 0.04 7.0 25.7 0 End Only 0.75 2 3987 

CD6 

VWrap 

C100HM, 

CFRP 

16700 0.02 12.0 24 90 
Intermed. 

+End 
0.75 4 4008 

 

One important consideration in the retrofit design process was the actuator’s load ca-

pacity of 330 kips. This load capacity dictated a design strength limit to ensure each specimen 

could be tested to failure. The control specimen was designed to fail in shear at approximately 

half of the actuator’s capacity. Furthermore, each retrofitted specimen was designed to incor-

porate four FRP sheets with an individual ply stiffness, 𝐾𝑓, of approximately 4000 kips/in./in. 

The individual ply stiffness was calculated with Eq. (13). Each retrofit was also designed to 

target a reinforcement limit where the shear strength contribution of steel and FRP (assuming 

an FRP design strain of 0.4%) was limited to 5 to 7 times √𝑓𝑐′ 𝑏𝑤𝑑.  

 𝐾𝑓  𝐸𝑓𝑡𝑓𝑤𝑓 (13) 

where: 𝐾𝑓 the stiffness of one FRP ply in units of kips per longitudinal strain (kips/in./in.); 𝐸𝑓 

is the average FRP composite tensile modulus reported by the manufacturer (ksi); 𝑡𝑓 is the 

FRP ply thickness reported by the manufacturer (in.); and 𝑤𝑓 is the width of the FRP sheet 

(in.). The relevant values for each specimen are provided in Table 3.1.  
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Each retrofitted specimen utilized FRP anchors installed at the ends of the sheets to 

delay debonding. The end anchors for Specimen CD2 were sized based on recommendations 

of the project’s advisory panel, resulting in an anchor diameter required to develop half of the 

tensile strength of the FRP sheet being anchored. The remaining retrofitted specimens, CD3-

CD6, utilized anchors sized to satisfy an overstrength factor of 1.5 times the area required to 

develop the tensile strength of the FRP sheet being anchored. Specimens CD3 and CD6 also 

included equivalently sized intermediate anchors to investigate any improvement to bond and 

strain development resulting from anchors placed within the shear transfer region. This was 

expected to simulate typical field retrofits which involve applying FRP in the parallel and 

perpendicular directions while also providing intermediately spaced FRP anchors.  

According to members of the project’s advisory panel, typical field retrofits commonly 

utilize a 20-oz/yd2, 24-inch wide, unidirectional CFRP fabric. As each specimen was designed 

to represent a half scale diaphragm, the retrofits were also specified as half scale. Conse-

quently, Specimen CD2 was designed with a 10-oz/yd2, 12-in wide, unidirectional CFRP fab-

ric. Specimens CD3 to CD6 varied FRP material, width, thickness, spacing, and/or orientation 

while maintaining a similar ply stiffness as the first retrofitted specimen.  For practicality, the 

layout of FRP was designed to be in the parallel or perpendicular direction of the applied shear 

to cross the expected diagonal tension crack in the field of the diaphragm. The following pro-

vides a detailed description of each of the specimens. 

3.2.1 CD1: Unretrofitted Control Diaphragm 

Specimen CD1 was designed to study the shear capacity of a reinforced concrete dia-

phragm and serve as the control specimen. The specimen was designed so that diaphragm shear 

would be the controlling limit state. Flexure, concrete crushing, and direct shear at the slab-to-

shear wall interface were designed to be stronger than the diaphragm shear strength. However, 

due to poor concrete consolidation within the edge beam, this specimen was strengthened to 

avoid a premature direct shear failure near the load application points. This involved the in-

stallation of one, 12 in. wide, 10 ft long, ±45° bidirectional 18-oz/yd2 CFRP sheet directly 

adjacent to the loading channel. Additionally, six, 30 in. × 12 in., ±45° 18-oz/yd2 bidirectional 

CFRP sheets were installed between each loading point. This strengthening configuration was 

anchored with a total of twelve ∅1 2 in. CFRP anchors with a 60-degree, 12-inch-long splay, 
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embedded at an average depth of 4 in. The strengthening layout of Specimen CD1 is shown in 

Figure 3.2. A photograph of this specimen is shown in Figure 3.8(a).  

 
Figure 3.2. Strengthening of Specimen CD1. 

3.2.2 CD2: Baseline CFRP Retrofit with End Anchors 

The first, most simple retrofit corresponds to Specimen CD2 which was intended to 

study a typical half-scale CFRP strengthening scheme that covers approximately 50% of the 

diaphragm. A 9.7-oz/yd2, 12-inch wide, unidirectional CFRP fabric (Simpson Strong-Tie 

2022a), spaced at 24 in. was selected for the retrofit of CD2. A ∅1 2 in. CFRP anchor with a 

60-degree, 12-inch-long splay was embedded at an average depth of 4 in. at both ends of each 

CFRP strip. The anchors were installed 5.5 in. from each end of the diaphragm to avoid the 

reinforcing steel within the specimen’s chord beams when drilling the anchor holes. Like Spec-

imen CD1, poor concrete consolidation within the edge beam warranted additional strength-

ening to prevent a premature direct shear failure. The additional strengthening included the 

installation of six, 30 in. × 12 in., ±45° bidirectional CFRP sheets between each loading point. 

The retrofit layout of Specimen CD2 is shown in Figure 3.3(a), and the anchor details are 

shown in Figure 3.3(b). This specimen is also shown in Figure 3.8(b). 
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Figure 3.3. Retrofit of Specimen CD2: (a) Plan View of Retrofit; (b) Anchor Details. 

3.2.3 CD3: Baseline CFRP Retrofit with Intermediate Anchors 

Specimen CD3 was intended to study the potential benefit of providing intermediate 

anchors within the field of the diaphragm. It was expected that these intermediate anchors 

would delay intermediate crack-induced debonding of the FRP and consequently allow a 

greater FRP strain prior to debonding. This specimen’s retrofit was composed of a 11.6-oz/yd2, 

14.5-inch wide, unidirectional CFRP fabric (Fyfe 2022a), spaced at 23.2 in. Specimen CD3 

was equivalent to Specimen CD2 with two additional intermediate anchors provided on each 

sheet. The intermediate anchors were spaced 38.5 in. from each end anchor. This spacing was 

selected to avoid the diaphragm reinforcing steel when drilling anchor holes and resulted in a 

non-uniform anchor layout. All anchors were upsized to ∅3 4 in. to satisfy an overstrength 

factor of 1.5 times the area required to develop the tensile strength of the FRP sheet being 

anchored. This overstrength factor came from the experience and recommendations of the pro-

ject’s advisory panel and was used for all remaining specimens. Additionally, the anchor em-

bedment depth was reduced to 3 in. to avoid concrete blowouts during drilling. Each anchor 

fan was 14.5 in. long with a 60-degree splay. The retrofit layout of Specimen CD3 is shown 

in Figure 3.4(a), and the anchor details are shown in Figure 3.4(b). A photograph of this spec-

imen is shown in Figure 3.8(c). 

(a) 

(b) 
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Figure 3.4. Retrofit of Specimen CD3: (a) Plan View of Retrofit; (b) Anchor Details. 

3.2.4 CD4: Full Coverage, Low Modulus, GFRP Retrofit with End Anchors 

The purpose of Specimen CD4 was to investigate the effect of laminate axial stiffness 

by providing a 27-oz/yd2, 21-inch wide, unidirectional GFRP fabric (Fyfe 2022b), spaced at 

21 in. This retrofit maintained an equivalent axial stiffness of Specimen CD2 while utilizing a 

fabric with a lower modulus and greater surface coverage. While this retrofit would require 

more surface preparation than the others, it was expected that the cracks in the diagram would 

be more uniformly restrained, resulting in improved overall load-deflection and FRP bond 

behavior. Two ∅1 2 in. CFRP anchors with a 60-degree, 12-inch-long splay were embedded 

at an average depth of 3 in. at both ends of each GFRP sheet. This anchorage configuration 

was expected to perform better than one ∅3 4 in. anchor while maintaining the same area of 

one ∅3 4 in. anchor, thus providing an anchor overstrength factor of 1.5. The retrofit layout 

of Specimen CD4 is shown in Figure 3.5(a), and the anchor details are shown in Figure 3.5(b). 

A photograph of this specimen is shown in Figure 3.8(d). 

(a) 

(b) 
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Figure 3.5. Retrofit of Specimen CD4: (a) Plan View of Retrofit; (b) Anchor Details. 

3.2.5 CD5: Narrow Coverage, High Modulus, CFRP Retrofit with End Anchors 

Specimen CD5 was intended to study the effect of laminate axial stiffness by maintain-

ing an equivalent ply stiffness of Specimen CD2 while utilizing a fabric with a higher modulus 

and less surface coverage. The retrofit was composed of a 17.7-oz/yd2, 7-inch wide, unidirec-

tional CFRP fabric (Simpson Strong-Tie 2022b), spaced at 25.7 in. A ∅3 4 in. CFRP anchor 

was provided at both ends of each CFRP strip. Each anchor fan was splayed 12 in. in length 

and embedded at a depth of 3 in. The wide clear spacing between strips was expected to cause 

more severe cracking in the field of the diaphragm and allow a spacing limitation to be deter-

mined. While this retrofit presented constructability challenges related to the use of narrow 

FRP strips, it also provided the advantage of reduced surface preparation. The retrofit layout 

of Specimen CD5 is shown in Figure 3.6(a), and the anchor details are shown in Figure 3.6(b). 

A photograph of this specimen is shown in Figure 3.8(e). 

 
Figure 3.6. Retrofit of Specimen CD5: (a) Plan View of Retrofit; (b) Anchor Details. 

(a) 

(b) 

(a) 

(b) 
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3.2.6 CD6: Baseline CFRP Retrofit Installed Perpendicular to Load 

The motivation behind Specimen CD6 was to study the effect of FRP installed perpen-

dicular to the direction of applied shear force. Like Specimen CD3, a 9.7-oz/yd2, 12-inch wide, 

unidirectional CFRP fabric (Simpson Strong-Tie 2022a), spaced at 24 in. was selected for this 

retrofit. A ∅3 4 in. CFRP anchor was provided at both ends of each CFRP strip along with 

two intermediate anchors spaced at 26 in. Each anchor fan was splayed 12 in. in length and 

embedded at a depth of 3 in. Installing the strips perpendicular to the applied shear was ex-

pected to be a less effective strengthening strategy as opposed to a parallel retrofit. The retrofit 

layout of Specimen CD6 is shown in Figure 3.7(a), and the anchor details are shown in Figure 

3.7(b). A photograph of this specimen is shown in Figure 3.8(f). 

 
Figure 3.7. Retrofit of Specimen CD6: (a) Plan View of Retrofit (b) Anchor Details. 

 

(a) 

(b) 
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Figure 3.8. Photos of Strengthened Specimens: (a) Specimen CD1; (b) Specimen CD2; (c) 

Specimen CD3; (d) Specimen CD4; (e) Specimen CD5; (f) Specimen CD6. 

3.3. Reinforced Concrete Specimen Details 

Figure 3.9 presents a plan view of the diaphragm specimen along with a cross sectional 

view of the chord beams, edge beam, and shear wall. Each specimen consisted of a 10 ft × 8.5 

ft cantilever diaphragm with an adjacent 12 in. thick, integrally cast shear wall. Each 

(a) (b) 

(c) (d) 

(e) (f) 
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diaphragm specimen was a four-inch-thick, two-way flat slab with beams that was intended to 

be approximately half-scale relative to a typical building. Each specimen incorporated two 

chord beams and one edge beam. The reinforced concrete specimens were designed to simulate 

a deficient diaphragm shear zone in a hLFRS adjacent to a shear wall. This configuration en-

abled the research to focus on mechanisms of shear resistance within the diaphragm zone as 

well as shear transfer between the slab and vLFRS. The complete set of detailed drawings for 

the specimen are included in Appendix A.  

The slab reinforcement shown in Figure 3.9(a) consisted of two mats of orthogonal D5 

deformed steel wire bars spaced at 12 in. center-to-center in each direction with 1 2⁄  in. cover. 

The D5 deformed bars are geometrically equivalent to No. 2 deformed bars; however, it should 

be noted that these bars have a higher strength and lower ductility in comparison to typical 

ASTM A615 reinforcing steel (see Section 3.8.2 for material properties). This slab reinforce-

ment was selected based on the minimum reinforcing steel requirements, 0.0018Ag, in ACI 

318 for shrinkage and temperature reinforcement. The deformed wires were hooked to provide 

suitable anchorage into the shear wall segment and at the slab edges.   
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Figure 3.9. Test Specimen Construction Details: (a) Plan View of the Diaphragm; (b) Chord 

Beam Reinforcing; (c) Shear Wall Segment Reinforcing; (d) Edge Beam Reinforcing with 

Embedded Shear Transfer Assemblies. 

 

The chord beams were 10 in. wide and extended 6 in. below the underside of the slab 

with 8 ft center-to-center spacing. The flexural chord beam reinforcement, shown in Figure 

3.9(b), was designed to remain elastic up to the maximum capacity of the actuator and con-

sisted of 6 ea. No. 8 bars enclosed by No. 3 stirrups spaced at 4 in.   

Each diaphragm specimen was cast integrally with a 12 in. thick shear wall segment 

that had a cross-section of 37.25 in. ×12 in. (D×W). The shear wall reinforcement, shown in 

Figure 3.9(c), was overdesigned to able to withstand a reaction of 660 kips. The primary chord 

beam reinforcement extended through the shear wall segment and was fixed to the truss using 

rebar couplers. The rebar couplers were installed on the chord reinforcement on each side of 

the truss bearing plates to be able to develop tension / compression under cyclic load reversals. 

(a) 

(b) 

(c) 

(d) 
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In plane shear resistance at the truss / shear wall interface was developed using a total of 24 

ea. ∅3 4 in. shear studs. Additional in-plane horizontal and overturning resistance of the shear 

wall segments was provided by a series of ∅1 − 3 8 in. threaded rod tie downs. 

The edge beam was 12 in. wide and extended 6 in. below the underside of the slab 

with 8 ft center-to-center spacing with the adjacent shear wall. The reinforcement within the 

edge beam consisted of 10 ea. No. 7 bars enclosed by No. 3 stirrups spaced at 4 in. The edge 

beam also included ten embedded shear transfer assemblies shown in Figure 3.9(d). Each 

shear transfer assembly consisted of a 10 in. × 7 in. × 1 2⁄  in. steel plate with four, ∅3 4 in. 

headed shear studs welded to each plate. 

3.4. Description of Test Setup  

The experimental test setup shown in Figure 3.10 incorporated two cantilever dia-

phragm specimens connected in the middle with a steel truss. This configuration was used 

because it allowed for the casting of two specimens simultaneously and produced reactions 

into the strong floor that were parallel to the strong axis of the strong floor beams. The test 

setup was developed based on Nakashima et al.’s (1981) experimental program. The free end 

of each cantilever diaphragm was supported with rollers mounted on concrete pedestals which 

restrained out-of-plane translation. To transfer loads into the specimen as uniformly as possi-

ble, in-plane load was applied to the slab through two, MC12×31 loading channels bolted to 

the ten shear transfer assemblies embedded in the edge beam. Each shear transfer assembly 

applied the actuator load to the specimen via four ∅3 4 in. headed shear studs.  Additionally, 

uplift was restrained at two locations. Figure 3.11(a) shows how the actuator head was re-

strained from vertical translation, and Figure 3.11(b) details how the free end of the loading 

channels were restrained from vertical translation. The shear wall segment of each diaphragm 

was cast on a W12×132 bearing beam through 32 ea. ∅3 4 in. shear studs. In-plane horizontal 

and overturning resistance of the shear wall segments was provided by a W24×87 reaction 

block. The design calculations for the test setup are provided in Appendix B.  
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Figure 3.10. Schematic Illustration of the Test Setup. 

 

 
Figure 3.11. Vertical Translation Resistance Systems: (a) Actuator Vertical Translation Re-

sistance System (Avellaneda-Ramirez 2021); (b) Loading Channel Vertical Translation Re-

sistance System. 

 

Figure 3.12 shows an excerpt of the reaction truss drawings. The reaction truss, reac-

tions blocks, and bearing beams were reusable, which helped lower the per-test experimental 

cost. Furthermore, experimental time was accelerated in this configuration because two 
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specimens were cast at once and tested sequentially. The complete set of detailed reaction truss 

drawings and design calculations are provided in Appendix C and D respectively.  

 
Figure 3.12. Details of Reactions Truss: (a) Plan View of Truss; (b) Corner Connection Plan 

Detail; (c) Corner Connection Section Detail.  

3.5. Test Procedure and Loading Program 

The diaphragm specimens were tested using a 330-kip actuator that transferred load to 

the specimen through the loading channels. The reversed cyclic displacement protocol im-

posed on each specimen is provided in Table 3.2. This protocol followed the quasi-static cyclic 

testing guidelines in FEMA 461 (2007). Per these guidelines, there were two cycles at each 

displacement step and the displacement increased 40% from one step to the next. Specimen 

CD2 was tested first and as shown in Table 3.2, for all subsequent specimens, some displace-

ment steps were eliminated and some rates were increased. Positive displacements were asso-

ciated with extension of the actuator, and negative displacements were associated with retrac-

tion of the actuator. Tests were stopped after reaching displacements of 2.178 in. to prevent 

damage to the equipment or the test setup.  

 

(a) 

(c) 

(b) 



 

30 

Table 3.2. Loading Protocols. 

Loading Protocol V1 (CD2) Loading Protocol V2 (CD1,3,4,5,6) 

Step 
Displace-

ment (in.) 

Number of 

Cycles 
Rate (in./min) Step 

Displace-

ment (in.) 

Number of 

Cycles 
Rate (in./min) 

 
1 0.010 2 0.050 1 0.038 2 0.061  

2 0.014 2 0.050 2 0.054 2 0.086  

3 0.020 2 0.050 3 0.075 2 0.120  

4 0.027 2 0.050 4 0.105 2 0.169  

5 0.038 2 0.050 5 0.148 2 0.236  

6 0.054 2 0.050 6 0.207 2 0.331  

7 0.075 2 0.060 7 0.289 2 0.463  

8 0.105 2 0.084 8 0.405 2 0.648  

9 0.148 2 0.118 9 0.567 2 0.907  

10 0.207 2 0.165 10 0.794 2 1.270  

11 0.289 2 0.231 11 1.111 2 1.778  

12 0.405 2 0.324 12 1.556 2 2.000  

13 0.567 2 0.454 13 2.178 2 2.000  

14 0.794 2 0.635 - - - -  

15 1.111 2 0.889 - - - -  

16 1.556 2 1.245 - - - -  

17 2.178 2 1.742 - - - -  

3.6. Instrumentation 

Each test utilized sixteen strain gauges, ten string potentiometers, two laser displace-

ment transducers, four time-lapse cameras, and a digital image correlation (DIC) system. Each 

retrofitted specimen also included an additional six strain gauges distributed along the FRP 

laminates (locations shown in Chapter 4). Figure 3.13 displays the instrumentation layout used 

with each test setup. The first two specimens, CD1 and CD2, had several deviations in the 

instrumentation layout. String potentiometers SP-TN and SP-TS were attached to the reaction 

truss during testing of Specimens CD1 and CD2. Both instruments were fixed to a ground 

support for all other specimens. Additionally, string potentiometer SP-SW was in plane with 

the actuator during testing of Specimen CD2. This instrument was relocated to the underside 

of the diaphragm to measure the displacement at the exterior face of the edge beam for all 

other specimens. The distances between the mounting points of each string potentiometer were 

measured prior to each test and are documented in Appendix E.     
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Figure 3.13. Instrumentation Plan. 

 

Sixteen strain gauges were distributed onto the reaction truss where each HSS member 

included 1 strain gauge per side. For each diagonal and chord member, the four strain meas-

urements were averaged together to eliminate the effect of bending in either direction and 

obtain an average axial strain. These strain measurements allowed the load distribution to be 

compared against the anticipated load pattern. The experimental forces were found to generally 

agree with the truss design forces (see Appendix F). To measure the FRP strain level for the 

retrofitted specimens, the two interior FRP laminates were instrumented with three strain 

gauges each. The precise locations of the FRP strain gauges are presented in Chapter 4. The 

resistance and gauge length of the strain gauges was 120Ω and 5 mm respectively.  

Each specimen was instrumented with ten string potentiometers to measure displace-

ment under loading. Six of the string potentiometers including SP-CN, SP-CS, SP-D1, SP-D2, 

SP-VW, and SP-EB were used to determine the shear angle of the slab inside the beams, here-

after referred to as the local shear angle, 𝛾𝐿. Using the Law of Cosines, a shear angle at each 

corner of the slab inside the beams was calculated. The four resulting shear angles were 

NOTES 

1.  SP-TN and SP-TS were attached to the reaction truss for Specimens CD1 and CD2. These two instruments were fixed to a ground 
support for all remaining specimens. 

2. SP-SW was located in line with the actuator for Specimen CD2 only. This instrument was relocated to the underside of the slab as 
shown for all other specimens. The relocated position allowed the instrument to measure the displacement at the exterior face of the 
edge beam while avoiding concrete spalling at the mounting location. 

3. FRP strain gauges not shown (See Chapter 4).  
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averaged together to determine the local shear angle. The necessary equations required to de-

termine the local shear angle are provided as Eq. (14). 

 
𝛾𝐿1  𝛾01 − cos

−1
(𝐶0 + ∆𝐷2)

2 − (𝐴0 + ∆𝐶𝑁)
2 − ( 0 + ∆𝐸 )

2

−2 ∙ (𝐴0 + ∆𝐶𝑁) ∙ ( 0 + ∆𝐸 )
 

𝛾𝐿2  𝛾02 − cos
−1
(𝐶0 + ∆𝐷2)

2 − (𝐷0 + ∆𝐶𝑆)
2 − (𝐸0 + ∆VW)

2

−2 ∙ (𝐷0 + ∆CS) ∙ (𝐸0 + ∆VW)
 

𝛾𝐿3  𝛾03 − cos
−1
( 0 + ∆𝐷1)

2 − (𝐴0 + ∆𝐶𝑁)
2 − (𝐸0 + ∆VW)

2

−2 ∙ (𝐴0 + ∆𝐶𝑁) ∙ (𝐸0 + ∆VW)
 

𝛾𝐿4  𝛾04 − cos
−1
( 0 + ∆𝐷1)

2 − (𝐷0 + ∆𝐶𝑆)
2 − ( 0 + ∆EB)

2

−2 ∙ (𝐷0 + ∆𝐶𝑆) ∙ ( 0 + ∆EB)
 

𝛾𝐿  
𝛾𝐿1 + 𝛾𝐿2 + (−𝛾𝐿3) + (−𝛾𝐿4)

4
 

(14) 

 

where: 𝐴0 is the initial distance between the mounting rods of SP-CN and SP-EB;  0 is the 

initial distance between the mounting rods of SP-EB and SP-D1; 𝐶0 is the initial distance be-

tween the mounting rods of SP-D2 and SP-CS; 𝐷0 is the initial distance between the mounting 

rods of SP-CS and SP-D1; 𝐸0 is the initial distance between the mounting rods of SP-VW and 

SP-CN;  0 is the initial distance between the mounting rods of SP-D1 and SP-CN; ∆𝐶𝑁 is the 

recorded displacement from SP-CN; ∆𝐸  is the recorded displacement from SP-EB; ∆𝐷2 is 

the recorded displacement from SP-D2; ∆𝐶𝑆 is the recorded displacement from SP-CS; ∆VW 

is the recorded displacement from SP-VW; ∆𝐷1 is the recorded displacement from SP-D1;  

𝛾𝐿1 is the shear angle calculated with sensors SP-CN, SP-EB, and SP-D2; 𝛾01 is the initial 

angle formed by the mounting rods of sensors SP-CN, SP-EB, and SP-D2; 𝛾𝐿2 is the shear 

angle calculated with sensors SP-CS, SP-VW, and SP-D2; 𝛾02 is the initial angle formed by 

the mounting rods of sensors SP-CS, SP-VW, and SP-D2; 𝛾𝐿3 is the shear angle calculated 

with sensors SP-CN, SP-VW, and SP-D1; 𝛾03 is the initial angle formed by the mounting rods 

of sensors SP-CN, SP-VW, and SP-D1; 𝛾𝐿4 is the shear angle calculated with sensors SP-CS, 

SP-EB, and SP-D1; 𝛾04 is the initial angle formed by the mounting rods of sensors SP-CS, SP-

EB, and SP-D1; and 𝛾𝐿 is the local shear angle.  
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Four string potentiometers outside the chord and edge beams including SP-SE, SP-

SW, SP-TN, and SP-TS were used to determine a shear angle hereafter referred to as the 

global shear angle, 𝛾𝐺. Equation (15) was used to calculate the global shear angle. Figure 

3.14(a) illustrates the local shear angle of a specimen while Figure 3.14(b) presents the 

global shear angle. The local shear angle was considered to best represent the shear behavior 

of the diaphragm slab; however, the string potentiometers used for this measurement were 

unreliable after peak load due to the movement and damage of the mounting rods after con-

crete cracking in their vicinity. The global shear angle was beneficial because it could be cal-

culated for the entire duration of testing but also included the deformation of the flexural 

chords and edge beam.  

  

 
𝛾𝐺  

∆𝑆𝐸 − ∆𝑆𝑊

𝐴
−
∆𝑇𝑁 − ∆𝑇𝑆

 
 

(15) 

 

where: 𝛾𝐺 is the global shear angle; ∆𝑆𝐸 is the recorded displacement from sensor SP-SE; 

∆𝑆𝑊 is the recorded displacement from sensor SP-SW; ∆𝑇𝑁 is the recorded displacement 

from sensor SP-TN; ∆𝑇𝑆 is the recorded displacement from sensor SP-TS; 𝐴 is the distance 

between sensors SP-SW and SP-SE; and   is the distance between sensors SP-TN and SP-

TS.  

 
Figure 3.14. Shear Angle Illustration: (a) Local Shear Angle; (b) Global Shear Angle. 

(a) (b) 
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3.7. Construction of Test Specimens 

The construction of the test specimens began by building wooden formwork. Form-

work details are provided in Appendix G. Plywood panels supported by 2×4’s were leveled to 

the elevation of the bottom of the specimen’s monolithic beams. These panels were supported 

by a series of double 2×6 girders that were elevated by a series of braced 4×4’s with adjustable 

shoring jacks. A photo of the shoring system is provided as Figure 3.15(a). The depth of the 

specimen’s beams were then formed using 2×6 and plywood panels. Finally, the edge of the 

slab was formed using a 4 in. piece of plywood that was braced with 2×4’s. The shear wall 

forms also consisted of plywood panels supported by 2×4 studs and whalers with tension ties. 

The formwork built was intended to be reused for all specimens; therefore, it was covered with 

a thin, 2 mm sheet of plastic to prevent damage during formwork stripping operations.  

Rebar cages for the shear wall, chord beams, and edge beam were also tied during this 

time. These cages were tied outside of the formwork for efficiency and later placed into the 

formwork. The shear wall cages were first placed into the forms. Figure 3.15(b) provides a 

photo of the reaction truss and shear wall cages in place. Next, the chord cages were woven 

through the shear wall cages and into the reaction truss where couplers were placed on both 

sides of each piece of coupled rebar. Once these cages were in place, the free ends were hoisted 

approximately 6 in. in the air with an overhead crane and woven together with the edge beam 

cage. This system of rebar was then lowered to its resting place. The top plates belonging to 

the embedded shear assembly were then suspended with a series of 10 in. × 7 in. plywood 

panels connected to two overhead 2×6’s. The 2×6’s spanned across the depth of the specimen 

and bolted to each free end of the bottom, cast in place channel. To complete the rebar arrange-

ment, the bottom and then top mat of slab reinforcement was spaced and tied. Figure 3.15(c) 

shows a pair of specimens ready to be cast.  

For each placement, one concrete truck delivered concrete to the lab. Two specimens 

were cast at a time; however, each set of specimens involved two separate concrete placements. 

The initial placement involved placing both diaphragms and both shear walls to the top slab 

elevation. From the truck, concrete was placed into a hopper that was flown to the formwork 

using an overhead crane. The formwork was filled from the shear wall over to the cantilever 

edge. Each beam and shear wall were consolidated using a submersion vibrator, and a vibratory 
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screed was used on the surface of the diaphragm field. Once the concrete was finished, it was 

covered with 6 mm plastic for moisture curing. Additionally, the tops of the shear walls were 

intermediately raked with a piece of No. 3 rebar to establish a construction joint with a rough-

ened surface.  

The secondary placement simply involved extending each shear wall 12 in. above the 

slab elevation. To prepare for this placement, the construction joint was cleaned and vacuumed 

of any loose aggregate or debris. Next, the longitudinal rebar was tied to the exposed U-stir-

rups, and formwork consisting of plywood panels and 2×4 studs was erected. The formwork 

also utilized six tension ties to resist outward lateral pressure. Prior to the concrete arriving, 

the shear wall surface was dampened with water using a spray bottle. The concrete was again 

placed with an overhead crane and hopper and consolidated using a submersion vibrator. The 

surface was trowel finished and covered with 6mm plastic for moisture curing. Figure 3.15(d) 

provides a photo of the cured specimens.  

After a minimum of seven days of moisture curing, the surface of each specimen was 

prepared for FRP installation. In accordance with the bond critical application guidelines of 

ACI PRC-440.2R (2017), the diaphragm surface was ground with a concrete diamond angle 

grinder to achieve a surface profile no less than Concrete Surface Profile (CSP) 3. A photo of 

the concrete surface after grinding is shown as Figure 3.15(e). Once the surface was ground, 

the locations of each FRP sheet and anchor were measured and marked. Next, the anchors 

holes were drilled to the appropriate depth using a concrete hammer drill. After drilling, the 

anchor holes were cleaned by simultaneously blowing debris from the hole using compressed 

air while vacuuming the loose particles. Finally, the diaphragm surface was swept and blown 

off with an air compressor.  

The externally bonded FRP was installed once the concrete had cured for at least 14 

days. This process started by priming the concrete surface with the manufacturers suggested 

amount of resin. Resin thickened with fumed silica was then uniformly applied to the primed 

areas to fill voids and smooth the concrete surface. Additionally, each anchor hole was primed 

using the thickened resin. The FRP sheets, which were cut and prepared prior to installation, 

were then hand saturated with resin. The sheets were then transported and placed at the appro-

priate locations on each specimen. To work each sheet into place and remove excess epoxy 



 

36 

and air bubbles, a plastic drywall trowel was run across the surface of the FRP. Once the sheets 

were installed, a small incision was made at the location of each anchor hole with a razor blade. 

The fiber anchors were then hand saturated with resin. To install the anchors, the dowel was 

first inserted into the hole, and then the fan was splayed to the appropriate dimensions. To 

complete the installation, thickened resin was uniformly distributed on top of each FRP sheet 

and anchor. Any anchor holes not completely filled were topped off with thickened resin. Fig-

ure 3.15(f) shows a completed externally bonded FRP installation.  
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Figure 3.15. Photos of Construction Progression: (a) Shoring Erection; (b) Reaction Truss in 

Position; (c) Specimens Ready to Cast; (d) Specimens Cured; (e) Surface Grinded; (f) Exter-

nally Bonded FRP System Installed. 

(a) (b) 

(c) (d) 

(e) (f) 
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3.8. Material Properties 

3.8.1 Concrete 

The diaphragms were constructed and cast in three separate pairs. Each pair of speci-

mens was specified to have a 28-day compression strength of 3500 psi using 3 8⁄  in. crushed 

limestone aggregate and a slump of 6 in. The compressive strength 𝑓𝑐′, splitting tensile strength 

𝑓𝑠 , and modulus of elasticity 𝐸𝑐 for each of the diaphragms at the time of testing is summa-

rized in Table 3.3. Each value is representative of an average of at least two concrete cylinders. 

Concrete test cylinders were prepared according to ASTM C31 (2022). Compression 

tests were conducted following ASTM C39 (2021). Additionally, splitting tensile tests were 

conducted in accordance with ASTM C496 (2017), and the elastic modulus was determined 

following ASTM C469 (2022). 

Table 3.3. Concrete Material Properties at the Time of Testing. 

Specimen 

6"×12" Compressive 

Strength,  

𝒇𝒄′ (psi) 

4"×8" Compressive 

Strength,  

𝒇𝒄′ (psi) 

Splitting Tensile 

Strength,  

𝒇𝒔𝒑 (psi) 

Modulus of  

Elasticity,  

𝑬𝒄 (×106 psi) 
 

 

CD1 4760 4320 445 3.55  

CD2 4570 4340 400 3.38  

CD3 
3670 3610 370 3.23 

 

CD4  

CD5 3950 4250 410 3.53  

CD6 4470 4500 420 3.64  

3.8.2 Reinforcing Steel 

The reinforcement within the field of the diaphragm consisted of Grade 75, D5 de-

formed wire. Following ASTM A370 (2022), coupon tests were conducted to obtain the stress-

strain behavior and yield strength of the D5 deformed wire. The stress-strain relationship of 

the diaphragm reinforcement, obtained from three coupon tests, is shown in Figure 3.16.  

All other reinforcing steel used to construct the shear wall, chord beams, and edge 

beam consisted of Grade 60, A615 rebar. The material properties for these bars were not es-

tablished because they were designed to remain elastic during testing. 



 

39 

 
Figure 3.16. Stress-Strain Relationship of D5 Coupons. 

3.8.3 Externally Bonded FRP 

As shown in the retrofit test matrix in Table 3.1, four different types of FRP systems 

from two manufacturers were used. Specimen CD2 was strengthened with Simpson Strong-

Tie and Structural Technology’s V-Wrap C100HM. Specimen CD3 was strengthened with 

Fyfe’s Tyfo-SCH-11UP. Specimen CD4 was strengthened with Fyfe’s Tyfo-SEH-51A. Spec-

imen CD5 was strengthened with Simpson Strong-Tie and Structural Technology’s V-Wrap 

C200HM. Finally, Specimen CD6 was strengthened with Simpson Strong-Tie and Structural 

Technology’s V-Wrap C100HM. The average dry fiber and cured composite properties re-

ported by the manufacturer for these materials is summarized in Table 3.4. It should be noted 

that the average composite properties of the Tyfo-SEH-51A system were not reported by the 

manufacturer; therefore, Table 3.4 provides the manufacturer’s reported design values for this 

material only. The manufacturer’s technical data sheets for each composite system are pro-

vided in Appendix H.  

The mechanical properties of the FRP composites were established with rectangular 

FRP coupons 12 in. long and 1 in. wide cut from two ply FRP witness panels which were 

prepared on the day of each diaphragm retrofit. Two inch long, emery cloth strips were later 

bonded to the ends of each coupon specimen using Loctite gel. These strips were intended to 

prevent a failure in the grip region during testing. Three FRP coupons representative of each 
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FRP material underwent tensile testing in accordance with ASTM D3039 (2008). The cured 

laminate material properties obtained from these coupons is compared to the manufactured 

reported material properties in Table 3.4. Additionally, the stress-strain relationship of each 

FRP coupon is included in Figure 3.17. 

Table 3.4. Manufactured Reported and Experimental Average FRP Properties. 

Material 
V-Wrap C100HM (CFRP) 

(Simpson Strong-Tie 2022a) 

Tyfo-SCH-11UP (CFRP) 

(Fyfe 2022a) 

Origin Manufacturer Experimental Manufacturer Experimental 

Type Dry Fiber Composite Composite Dry Fiber Composite Composite 

Tensile Strength (ksi) 790 216 225  550 143  167 

Tensile Modulus (ksi) 42000 16700 13474  33400 13900  11804 

Ultimate Elongation (%) 1.9 1.3 1.6  1.7 1.0 1.4  

Thickness (in.) - 0.02 0.02  - 0.02 0.03  

Material 
Tyfo-SEH-51A (GFRP) 

(Fyfe 2022b) 

V-Wrap C200HM (CFRP) 

(Simpson Strong-Tie 2022b) 

Origin Manufacturer(1) Experimental Manufacturer Experimental 

Type Dry Fiber Composite Composite Dry Fiber Composite Composite 

Tensile Strength (ksi) 470 66 106  790 180  105 

Tensile Modulus (ksi) 10500 3730 4596  42000 14240  9224 

Ultimate Elongation (%) 4.5 1.8 2.4  1.9 1.27  1.14 

Thickness (in.) - 0.05  0.04 - 0.04 0.07  

(1): Manufacturer’s properties shown for Tyfo-SEH-51A are design values. Average values not pub-

lished on Fyfe’s technical data sheet.  
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Figure 3.17. Stress-Strain Relationship of FRP Coupons. 

3.8.4 FRP Anchors 

Each strengthened specimen utilized a carbon fiber anchor system; however, the man-

ufacturer and diameter varied. Specimen CD2 was anchored with Simpson Strong-Tie and 

Structural Technology’s ∅1/2 in. CSS V-Wrap HMCA. Specimen CD3 was anchored with 

Fyfe’s ∅3/4 in. Tyfo SCH Composite Anchor. Specimen CD4 was anchored with Fyfe’s ∅1/2 

in. Tyfo SCH Composite Anchor. Specimens CD5 and CD6 were both anchored with Simpson 

Strong-Tie and Structural Technology’s ∅3/4 in. CSS V-Wrap HMCA. The dry fiber and cured 

composite properties reported by the manufacturer for these anchors is summarized in Table 

3.5. The manufacturer’s technical data sheets for each anchor system are provided in Appendix 

H.  
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Table 3.5. Manufacturer Reported FRP Anchor Properties. 

Material  
CSS V-Wrap HMCA 

(Simpson Strong-Tie 2022) 

Tyfo SCH Composite An-

chor 

(Fyfe 2022) 

 

Type Dry Fiber Composite Dry Fiber Composite  

Tensile Strength (ksi) 790 165 620 110  

Tensile Modulus (x 106 psi) 42 15 36 - 
 

Ultimate Elongation (%) 1.9 1.1 1.7 -  
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Chapter 4. Experimental Results 

4.1. General 

The experimental results obtained from testing six reinforced concrete diaphragms are 

presented in this chapter. The five specimens retrofitted with various configurations of FRP 

were studied to determine any enhancement in strength, ductility, or serviceability. For appli-

cable specimens, the complete set of crack maps are provided in Appendix I. For each speci-

men, the predicted shear strength contributions of concrete, reinforcing steel, and FRP are 

provided in Table 4.1. The shear strength provided by concrete was calculated with Eq. (2) 

using the respective 6 in. × 12 in. compressive strengths from Table 3.3, and the shear strength 

provided by the reinforcing steel was calculated with Eq. (3) using the experimental yield 

stress of 88.3 ksi. Assuming an effective FRP strain of 0.4% and an effective depth of 120 in., 

the shear strength provided by FRP was calculated with Eq. (4) using the ply configuration 

variables from Table 3.1. These predicted strength values are provided in each respective hys-

teric plot of applied load versus local and global shear angle within this chapter.  

Table 4.1. Predicted Shear Strength Components 

Specimen 

Concrete Shear 

Strength, 𝑽𝒄 
(kip) 

Steel Shear 

Strength, 𝑽𝒔 
(kip) 

FRP Shear 

Strength, 𝑽𝒇 

(kip) 

Diaphragm Shear 

Strength, 

𝑽𝒄 + 𝑽𝒔 + 𝑽𝒇 

(kip) 

CD1 66 78 - 144 

CD2 65 78 80 223 

CD3 58 78 83 220 

CD4 58 78 90 226 

CD5 60 78 74 213 

CD6 64 78 80 222 

 

Various failure mechanisms including diagonal tension cracking, rebar rupture, FRP 

debonding, FRP rupture, anchor pullout, and anchor rupture are discussed within this chapter. 

Examples of each of these typical failure modes is shown in Figure 4.1. 
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Figure 4.1. Typical Failure Modes: (a) Diagonal Tension Crack; (b) Rebar Rupture; (c) FRP 

Debonding; (d) FRP Rupture; (e) Anchor Pullout; (f) Anchor Rupture.  

4.2. Specimen CD1 

Specimen CD1 was tested to observe the performance and failure mode of reinforced 

concrete diaphragms in high seismic zones. Additionally, this specimen served as a baseline 

for comparison with the five FRP retrofitted specimens. The baseline specimen reached a peak 

load of 203 kips before failing due to diagonal tension shear followed by reinforcing steel 

rupture. At the peak load, the local shear angle was measured as 0.0044 radians while the 

(a) (b) 

(c) (d) 

(e) (f) 
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global shear angle was measured as 0.0049 radians. The hysteric plots of applied load versus 

local and global shear angle are provided as Figure 4.2(a) and Figure 4.2(b) respectively. The 

points labeled A through F on each of these plots correspond to the photos in Figure 4.3(a) 

through Figure 4.3(f). The global shear angle values corresponding to this specimen represent 

a correction that was needed to account for string potentiometers SP-TN and SP-TS being 

mounted to the reaction truss which was not rigid during testing. The correction is detailed in 

Appendix J.  

 
Figure 4.2. Hysteretic Shear Angle Response of Specimen CD1: (a) Local Shear Angle; (b) 

Global Shear Angle. 

Cracks were marked and measured throughout the test, and maps were prepared to 

document each crack and associated width at cycles 11, 16, and 21. The first observation of 

cracking was made during the positive portion of cycle 11 corresponding to a load of 52 kips. 

Figure 4.3(a) shows the condition of the specimen as this point. Only one crack was visible 

which resembled a combined flexural-shear crack with a width 0.15 mm. Diagonal tension 

cracking began during the positive portion of cycle 14 corresponding to a load of 67 kips. 

Figure 4.3(b) shows the state of the specimen at this point of testing. While more diagonal 

tension cracks propagated in the positive loading direction with average widths of 0.3 to 0.5 

mm, diagonal tension cracks in the negative loading direction did not appear until cycle 17 

corresponding to a load of -98 kips. This trend of crack development indicated asymmetry in 

the rigidity of the test setup. The condition of the specimen at this point of the test is shown in 

Figure 4.3(c). The specimen reached its peak capacity of 203 kips during cycle 19, and its 

corresponding condition is shown in Figure 4.3(d). Imminent failure was observed at a load of 
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approximately 175 kips when the primary diagonal tension crack widened disproportionally 

to other cracks. The state of the specimen at this point during testing is shown in Figure 4.3(e). 

The crack widening then resulted in rebar necking and rupture as the load increased. Figure 

4.4 shows the extent of cracking at cycle 21 which corresponds to an applied displacement of 

1.111 in. The final state of the specimen corresponding to a residual load of 93 kips is shown 

in Figure 4.3(f).  

 
Figure 4.3. Failure Progression of Specimen CD1: (a) Initial Cracking at 52 kips; (b) First 

Diagonal Tension Cracking at 67 kips; (c) Diagonal Tension Cracking at -98 kips; (d) Condi-

tion at Peak Load of 203 kips; (e) Dilation of Primary Diagonal Tension Crack at 175 kips; 

(f) Final Condition of Failed Specimen at 93 kips. 
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Figure 4.4. Extent of Damage of Specimen CD1 at Cycle 21 (1.111 in. Displacement). 

4.3. Specimen CD2 

Specimen CD2 was tested to observe the performance and failure mode of a reinforced 

concrete diaphragm strengthened with CFRP covering approximately 50% of the surface with 

end anchorage only. The specimen reached a peak load of 280 kips before failing due to inter-

mediate crack induced FRP debonding and anchor rupture followed by diagonal tension shear 

and reinforcing steel rupture. At the peak load, the local shear angle was measured as 0.00378 

radians while the global shear angle was approximated as 0.00691 radians. The hysteric plots 

of applied load versus local and global shear angle are provided in Figure 4.5(a) and Figure 

4.5(b) respectively. The points labeled A through F on each of these plots correspond to the 

photos in Figure 4.8(a) through Figure 4.8(f). The global shear angle values corresponding to 

this specimen represent an approximate correction that was necessary due to concrete cracking 

and spalling at the mounting location of string potentiometers SP-SW and SP-SE. The correc-

tion is a function of the actuator displacement and is detailed in Appendix J. For this reason, 

the global shear angle measurements for this specimen should be used carefully.  
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Figure 4.5. Hysteretic Shear Angle Response of Specimen CD2: (a) Local Shear Angle; (b) 

Global Shear Angle. 

 

The FRP strain behavior recorded from the FRP strain gauges, such as the plot of ac-

tuator force versus FRP strain shown in Figure 4.6, is not intuitive upon first inspection. There-

fore, the following discussion is provided for better understanding. The strain gauges installed 

on the FRP captured variable data that was highly dependent on the location of the gauge and 

cracks in the specimen. Figure 4.6 provides a typical FRP strain gauge response curve which 

is labeled with four key points. Point I shows the initial elastic response prior to a crack form-

ing near the strain gauge. The strain then increases at Point II when a crack forms and engages 

the FRP sheet where the strain gauge was installed. The strain behavior then typically follows 

a cyclic pattern until peak load is reached at Point III. The termination of the curve at Point IV 

represents the maximum strain recorded by the gauge.  

 
Figure 4.6. Typical FRP Strain Walk Through 
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The strain measurements associated with FRP sheets S2 and S3 are provided in Figure 

4.7(a) and Figure 4.7(b) respectively. Three strain gauges were installed on both FRP sheets; 

however, strain gauge S3N was not functional during testing. Figure 4.7(c) presents the loca-

tion and label of each FRP sheet and strain gauge. Cracks in the diaphragm were observed to 

transverse the FRP sheets near the locations of gauges S2M, S2S, and S3M. The FRP strains 

measured at these locations when peak load occurred were 0.32%, 0.37%, and 0.30%, respec-

tively. At peak load, the FRP strains measured with gauges S2N and S3S, which were not 

located near a crack, were 0.02% and 0.01%, respectively.  

 
Figure 4.7. FRP Strain Response of Specimen CD2: (a) Strain Response of Sheet S2; (b) 

Strain Response of Sheet S3; (c) Strain Gauge Layout. 

 

Although cracks were marked on the concrete surface throughout the test, the crack 

locations and associated widths were not mapped and recorded. The first observation of crack-

ing between FRP sheets was made during the positive portion of cycle 23 corresponding to a 

load of 125 kips. Figure 4.8(a) shows the condition of the specimen at this point of testing. 

Diagonal tension cracks continued to form causing FRP sheets S3 and S4 to experience local 
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edge debonding during the positive portion of cycle 29 corresponding to a load of 266 kips. 

Figure 4.8(b) shows the state of the specimen at this point of the test. Figure 4.9 was created 

based on overhead photos and demonstrates the approximate extent of cracking and debonding 

at cycle 29 which corresponds to an applied displacement of 1.111 in. The specimen reached 

its peak capacity of 280 kips during the positive portion of cycle 31, and its corresponding 

condition is shown in Figure 4.8(c). At the peak load, FRP sheets S2 and S3 debonded approx-

imately 75% along each respective sheet’s length. Sheet S2 remained engaged due to both end 

anchors maintaining integrity; however, sheet S3 lost full capacity due to the south end anchor 

rupturing. Furthermore, during the negative portion of cycle 31 (corresponding to a load of -

233 kips), the south end anchor of sheet S4 pulled out and both end anchors of sheet S1 resisted 

end peeling. The condition of the specimen at this point is shown in Figure 4.8(d). After the 

majority of debonding had occurred, the specimen began to predominately fail due to diagonal 

tension shear during the positive portion of cycle 32 corresponding to a load of 159 kips. The 

state of the specimen at this point of the test is shown in Figure 4.8(e). Finally, the primary 

diagonal tension crack widened and rebar began to rupture during the positive portion of cycle 

33 corresponding to a load of 111 kips. The final condition of the specimen is shown in Figure 

4.8(f).  
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Figure 4.8. Failure Progression of Specimen CD2: (a) First Diagonal Tension Cracks at 125 

kips; (b) Localized Edge Debonding of Sheet S3 at 266 kips; (c) Anchor Rupture and 

Debonding of Sheet S3 at 280 kips; (d) Anchor Pullout and End Peeling at -233 kips; (e) 

Condition After Debonding at 159 kips; (f) Final Condition of Failed Specimen at 111 kips. 
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Figure 4.9. Approximate Extent of Damage of Specimen CD2 at Cycle 29 (1.111 in. Dis-

placement). 

4.4. Specimen CD3 

Specimen CD3 was tested to observe the performance and failure mode of a reinforced 

concrete diaphragm strengthened with a CFRP retrofit scheme equivalent to specimen CD2 

paired with intermediate anchors. The specimen reached a peak load of 259 kips before failing 

due to FRP rupture, intermediate crack induced FRP debonding, and anchor pullout followed 

by diagonal tension shear and reinforcing steel rupture. At the peak load, the local shear angle 

was measured as 0.00231 radians while the global shear angle was measured as 0.00326 radi-

ans. The hysteric plots of applied load versus local and global shear angle are provided as 

Figure 4.10(a) and Figure 4.10(b) respectively. The points labeled A through F on each of 

these plots correspond to the photos in Figure 4.12(a) through Figure 4.12(f). 
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Figure 4.10. Hysteretic Shear Angle Response of Specimen CD3: (a) Local Shear Angle; (b) 

Global Shear Angle. 

 

The strain measurements associated with FRP sheets S2 and S3 are provided in Figure 

4.11(a) and Figure 4.11(b) respectively. Three strain gauges were installed on both FRP sheets; 

however, strain gauge S3S malfunctioned shortly after the specimen reached its peak capacity. 

Figure 4.11(c) presents the location and label of each FRP sheet and strain gauge. Cracks in 

the diaphragm were observed to transverse the FRP sheets near the locations of gauges S2M, 

S2S, S3N, and S3M. The FRP strains measured at these locations when peak load occurred 

were 0.45%, 0.27%, 0.34%, and 0.35%, respectively. At peak load, the FRP strains measured 

with gauges S2N and S3S, which were not located near a crack, were 0.17% and 0.04%, re-

spectively. 
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Figure 4.11. FRP Strain Response of Specimen CD3: (a) Strain Response of Sheet S2; (b) 

Strain Response of Sheet S3; (c) Strain Gauge Layout. 

 

Cracks were marked and measured throughout the test, and maps were prepared to 

document each crack and associated width at cycles 11, 16, and 21. The first observation of 

cracking between FRP sheets was made during the positive portion of cycle 11 corresponding 

to a load of 91 kips. Figure 4.12(a) shows the condition of the specimen at this point of the 

test. Only one crack was visible with a measured width of 0.1 mm. Diagonal tension cracks, 

with average widths of 0.3 mm to 0.75 mm, continued to form causing FRP sheets S1, S2, and 

S3 to experience local edge debonding during the positive portion of cycle 15 corresponding 

to a load of 144 kips. The specimen reached its peak capacity of 259 kips during the positive 

portion of cycle 21, and its corresponding condition is shown in Figure 4.12(b). At the peak 

load, FRP sheets S2 and S3 centrally debonded approximately 75% of each sheet’s respective 

length. Both sheets remained engaged due to anchor action; however, sheet S4 ruptured in the 

area between the North end anchor and adjacent intermediate anchor. Furthermore, during the 

negative portion of cycle 21 (corresponding to a load of -271 kips), the south end of sheet S4 
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experienced end peeling. The state of the specimen at this point of testing is shown in Figure 

4.12(c). Cracks widths measured up to 2 mm after the rupture and debonding had occurred. 

Figure 4.13 depicts the extent of cracking, debonding, and sheet rupture at cycle 21 which 

corresponds to an applied displacement of 1.111 in. The exaggerated crack openings allowed 

the reinforcing steel to elongate and rupture during the positive portion of cycle 23 correspond-

ing to a load of 192 kips. Figure 4.12(d) shows the condition of the specimen during this point 

of the test. During this cycle, the south ends of sheets S2 and S3 also experienced end peeling. 

The end peeling continued to occur during the negative portion of cycle 23 corresponding to a 

load of -240 kips. Figure 4.12(e) shows the state of the specimen at this point of testing. Both 

North ends of sheets S1 and S2 experienced end peeling. Prior to the positive portion of cycle 

25 (corresponding to a load of 82 kips), end peeling was restrained by the end anchors; how-

ever, sheets S2 and S3 completely debonded once anchor pullout occurred during cycle 25. 

The debonded condition is shown in Figure 4.12(f). During cycle 25, sheet S2’s North end 

anchor and adjacent intermediate anchor pulled out while sheet S3’s South end anchor and 

adjacent intermediate end anchor pulled out.  
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Figure 4.12. Failure Progression of Specimen CD3: (a) First Diagonal Tension Cracks at 91 

kips; (b) FRP Rupture and Debonding at 259 kips; (c) South End Peeling of Sheet S4 at -271 

kips; (d) South End Peeling of Sheets S2 and S3 at 192 kips; (e) North End Peeling of Sheets 

S1 and S2 at -240 kips; (f) Anchor Pullout of Sheets S2 and S3 at 82 kips. 
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Figure 4.13. Extent of Damage of Specimen CD3 at Cycle 21 (1.111 in. Displacement). 

4.5. Specimen CD4 

Specimen CD4 was tested to observe the performance and failure mode of a reinforced 

concrete diaphragm strengthened with GFRP covering 100% of the surface with end anchor-

age only. The specimen reached a peak load of 263 kips before failing due to intermediate 

crack induced FRP debonding, anchor rupture, and anchor pullout followed by diagonal ten-

sion shear and reinforcing steel rupture. At the peak load, the local shear angle was measured 

as 0.00195 radians while the global shear angle was measured as 0.00409 radians. The hysteric 

plots of applied load versus local and global shear angle are provided as Figure 4.14(a) and 

Figure 4.14(b) respectively. The points labeled A through F on each of these plots correspond 

to the photos in Figure 4.16(a) through Figure 4.16(f). 
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Figure 4.14. Hysteretic Shear Angle Response of Specimen CD4: (a) Local Shear Angle; (b) 

Global Shear Angle. 

 

The strain measurements associated with FRP sheets S2 and S3 are provided in Figure 

4.15(a) and Figure 4.15(b) respectively. Three strain gauges were installed on both FRP sheets. 

Figure 4.15(c) presents the location and label of each FRP sheet and strain gauge. Cracks in 

the diaphragm were observed to transverse the FRP sheets near the locations of gauges S2M, 

S2S, S3N, S3M, and S3S. The FRP strains measured at these locations when peak load oc-

curred were 0.27%, 0.32%, 0.45%, 0.23%, and 0.47%, respectively. At peak load, the FRP 

strain measured with gauge S2N, which was not located near a crack, was 0.08%.  
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Figure 4.15. FRP Strain Response of Specimen CD4: (a) Strain Response of Sheet S2; (b) 

Strain Response of Sheet S3; (c) Strain Gauge Layout. 

 

Cracks were marked and measured throughout the test, and maps were prepared to 

document each crack and associated width at cycles 11, 16, and 21. It should be noted that the 

cracks were mapped from the underside of this specimen due to the FRP covering the entire 

top surface. The first observation of cracking was made during the positive portion of cycle 11 

corresponding to a load of 83 kips. Figure 4.16(a) shows the condition of the specimen at this 

point of testing. Only one crack was visible with a measured width of 0.2 mm. Additional 

diagonal tension cracks, with average widths of 0.3 mm to 0.5 mm, were documented through 

cycle 16. The specimen reached its peak capacity during cycle 21, corresponding to a load of 

263 kips, with average crack widths ranging from 0.2 mm to 0.75 mm. Figure 4.17 shows the 

extent of cracking and debonding at cycle 21 which corresponds to an applied displacement of 

1.111 in. During the positive portion of cycle 22 (corresponding to a load of 247 kips), the 

edge of FRP sheet S4 debonded along its entire length while the edge of sheet S2 centrally 

debonded approximately 25% of its length. Figure 4.16(b) shows the state of the specimen at 
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this point of the test. Furthermore, the south end of sheet S4 began to experience end peeling 

during the negative portion of cycle 22 corresponding to a load of -236 kips. The condition of 

the specimen at this point of the test is shown in Figure 4.16(c). During the positive portion of 

cycle 23 (corresponding to a load of 260 kips), the south end anchor groups of sheets S4 and 

S3 both failed as the sheets fully debonded approximately 50% along their lengths. The state 

of the specimen at this point of the test is shown in Figure 4.16(d). One anchor in each group 

ruptured while the other pulled out. Additionally, sheet S2’s edge debonding propagated to the 

south end anchor group causing partial anchor pullout. As shown in Figure 4.16(e), the nega-

tive portion of cycle 23 (corresponding to a load of -247 kips) caused the debonding of sheets 

S4, S3, and S2 to propagate towards the north end anchor groups. Sheets S4 and S3 lost full 

capacity while sheet S2 remained engaged due to anchor action. Diagonal tension shear then 

began to dominate the failure. The widest diagonal tension cracks exceeded 2 mm in width 

which allowed the reinforcing steel to elongate and rupture. The final state of the specimen, 

corresponding to a load of 1 kip, is shown in Figure 4.16(f). 
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Figure 4.16. Failure Progression of Specimen CD4: (a) First Crack at 83 kips; (b) Edge 

Debonding of Sheet S4 at 247 kips; (c) End Peeling of Sheet S4 at -236 kips; (d) Debonding 

and Anchor Failures of Sheets S4, S3, and S2 at 260 kips; (e) Debonding Propagating North-

ward at -247 kips; (f) Final Condition of Failed Specimen at 1 kip.  
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Figure 4.17. Extent of Damage of Specimen CD4 at Cycle 21 (1.111 in. Displacement). 

4.6. Specimen CD5 

Specimen CD5 was tested to observe the performance and failure mode of a reinforced 

concrete diaphragm strengthened with GFRP covering approximately 30% of the surface with 

end anchorage only. The specimen reached a peak load of 240 kips before failing due to inter-

mediate crack induced FRP debonding and anchor pullout followed by diagonal tension shear 

and reinforcing steel rupture. At the peak load, the local shear angle was measured as 0.00267 

radians while the global shear angle was measured as 0.00428 radians. The hysteric plots of 

applied load versus local and global shear angle are provided as Figure 4.18(a) and Figure 

4.18(b) respectively. The points labeled A through F on each of these plots correspond to the 

photos in Figure 4.20(a) through Figure 4.20(f). 
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Figure 4.18. Hysteretic Shear Angle Response of Specimen CD5: (a) Local Shear Angle; (b) 

Global Shear Angle. 

 

The strain measurements associated with FRP sheets S2 and S3 are provided in Figure 

4.19(a) and Figure 4.19(b) respectively. Three strain gauges were installed on both FRP sheets; 

however, strain gauge S2M malfunctioned prior to the specimen reaching its peak capacity. 

Figure 4.19(c) presents the location and label of each FRP sheet and strain gauge. Cracks in 

the diaphragm were observed to transverse the FRP sheets near the locations of gauges S2S, 

S3N, and S3M. The FRP strains measured at these locations when peak load occurred were 

0.27%, 0.25%, and 0.36%, respectively. At peak load, the FRP strains measured with gauges 

S2N and S3S, which were not located near a crack, were 0.14% and 0.03%, respectively. 
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Figure 4.19. FRP Strain Response of Specimen CD5: (a) Strain Response of Sheet S2; (b) 

Strain Response of Sheet S3; (c) Strain Gauge Layout. 

 

Cracks were marked and measured throughout the test, and maps were prepared to 

document each crack and associated width at cycles 11, 16, and 21. The first observation of 

cracking was made during the positive portion of cycle 11 corresponding to a load of 96 kips. 

Figure 4.20(a) shows the condition of the specimen at this point of testing. Only two cracks 

were visible with measured widths of 0.15 mm. Additional diagonal tension cracks, with av-

erage widths of 0.1 mm to 0.5 mm, were documented through cycle 16. The diagonal tension 

cracks continued to form and cause central edge debonding of FRP sheet S2 during the positive 

portion of cycle 19 corresponding to a load of 217 kips. Figure 4.20(b) shows the state of the 

specimen at this point of the test. The specimen reached its peak capacity during cycle 21, 

corresponding to a load of 240 kips, with average crack widths ranging from 0.1 mm to 1.25 

mm. At the peak load, sheet S3 experienced central edge debonding while sheet S4 underwent 

edge debonding near the North end anchor. The corresponding condition of the specimen at 

peak load is shown in Figure 4.20(c). Figure 4.21 demonstrates the extent of cracking and 
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debonding at cycle 21 which corresponds to an applied displacement of 1.111 in.  During the 

positive portion of cycle 23 (corresponding to a load of 200 kips), sheets S2 and S3 centrally 

debonded along approximately 75% of their lengths, sheet S4’s North end anchor pulled out, 

and sheet S3 underwent end peeling at the North end anchor. The specimen’s primary diagonal 

tension crack also widened which allowed rebar to begin to elongate and rupture. Figure 

4.20(d) shows the condition of the specimen during this point of the test. Furthermore, during 

the negative portion of cycle 23 (corresponding to a load of -210 kips) the North end anchor 

of sheet S3 partially pulled out and another diagonal tension crack widened. Figure 4.20(e) 

shows the state of the specimen at this point of testing. Diagonal tension shear then began to 

dominate the failure allowing more rebar to elongate and rupture. The final state of the failed 

specimen, corresponding to a load of 44 kips, is shown in Figure 4.20(f).   
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Figure 4.20. Failure Progression of Specimen CD5: (a) First Crack at 96 kips; (b) Central 

Edge Debonding of Sheet S2 at 217 kips; (c) Debonding of Sheets S3 and S4 at 240 kips; (d) 

Crack Dilation at 200 kips; (e) Mirrored Crack Dilation at -210 kips; (f) Final Condition of 

Failed Specimen at 44 kips.  
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Figure 4.21. Extent of Damage of Specimen CD5 at Cycle 21 (1.111 in. Displacement). 

4.7. Specimen CD6 

Specimen CD6 was tested to observe the performance and failure mode of a reinforced 

concrete diaphragm strengthened with CFRP installed perpendicular to the direction of applied 

shear force. Other than FRP orientation, the retrofit scheme for CD6 was nominally the same 

as that of CD3. The specimen reached a peak load of 250 kips before failing due to intermediate 

crack induced FRP debonding and anchor pullout followed by diagonal tension shear and re-

inforcing steel rupture. At the peak load, the local shear angle was measured as 0.00271 radians 

while the global shear angle was measured as 0.00364 radians. The hysteric plots of applied 

load versus local and global shear angle are provided as Figure 4.22(a) and Figure 4.22(b) 

respectively. The points labeled A through F on each of these plots correspond to the photos 

in Figure 4.24(a) through Figure 4.24(f). 
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Figure 4.22. Hysteretic Shear Angle Response of Specimen CD6: (a) Local Shear Angle; (b) 

Global Shear Angle. 

 

The strain measurements associated with FRP sheets S2 and S3 are provided in Figure 

4.23(a) and Figure 4.23(b) respectively. Three strain gauges were installed on both FRP sheets. 

Figure 4.23(c) presents the location and label of each FRP sheet and strain gauge. Cracks in 

the diaphragm were observed to transverse the FRP sheets near the locations of gauges S2N, 

S2M, S3M, and S3S. The FRP strains measured at these locations when peak load occurred 

were 0.38%, 0.48%, 0.32%, and 0.46%, respectively. At peak load, the FRP strains measured 

with gauges S2S and S3N, which were not located near a crack, were 0.04% and 0.09%, re-

spectively. 
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Figure 4.23. FRP Strain Response of Specimen CD6: (a) Strain Response of Sheet S2; (b) 

Strain Response of Sheet S3; (c) Strain Gauge Layout. 

 

Cracks were marked and measured throughout the test, and maps were prepared to 

document each crack and associated width at cycles 11, 16, and 21. The first observation of 

cracking was made during the positive portion of cycle 11 corresponding to a load of 84 kips. 

Figure 4.24(a) shows the condition of the specimen at this point of testing. Only two cracks 

were visible with measured widths of 0.1 mm and 0.15 mm. Additional diagonal tension 

cracks, with average widths of 0.15 mm to 0.4 mm, were documented through cycle 16. The 

specimen reached its peak capacity of 250 kips during the positive portion of cycle 21, and its 

corresponding condition is shown in Figure 4.24(b). At the peak load, diagonal tension cracks 

continued to form and cause sheets S2 and S3 to experience centralized debonding along ap-

proximately 75% of their lengths. Localized areas of edge debonding were also documented 

on sheets S1 and S4. The average crack widths ranged from 0.2 mm to 2 mm during this cycle. 

Figure 4.25 depicts the extent of cracking and debonding at cycle 21 which corresponds to an 

applied displacement of 1.111 in. During the positive portion of cycle 23 (corresponding to a 
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load of 242 kips), sheet S2’s South end anchor and adjacent intermediate anchor pulled out 

while the South end of sheet S1 and the North end of sheet S3 both experienced edge debond-

ing. The specimen’s primary diagonal tension crack also widened which allowed rebar to begin 

to elongate and rupture. Figure 4.24(c) shows the state of the specimen at this point of the test. 

Furthermore, during the negative portion of cycle 23 (corresponding to a load of -214 kips), 

the South end of sheet S4 and the North end of sheet S1 experienced edge debonding. Another 

diagonal tension crack also widened curing this cycle which is shown Figure 4.24(d). Sheet 

S3’s North end anchor and adjacent intermediate anchor then pulled out during the positive 

portion of cycle 24 corresponding to a load of 138 kips. The condition of the specimen during 

this point of testing is shown in Figure 4.24(e). Diagonal tension shear then began to dominate 

the failure allowing more rebar to elongate and rupture. The final state of the failed specimen, 

corresponding to a load of 71 kips, is shown in Figure 4.24(f). 
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Figure 4.24. Failure Progression of Specimen CD6: (a) First Crack at 84 kips; (b) Debonding 

of Sheets S2 and S3 at 250 kips; (c) Crack Dilation at 242 kips; (d) Mirrored Crack Dilation 

at -214 kips; (e) Pullout of Sheet 3 Anchors at 138 kips; (f) Final Condition of Failed Speci-

men at 71 kips.  
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Figure 4.25. Extent of Damage of Specimen CD6 at Cycle 21 (1.111 in. Displacement). 
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Chapter 5. Analysis of Results 

5.1. Overview 

The experimental results obtained from diaphragm testing are utilized in this chapter 

to analyze strength, FRP strain, stiffness, ductility, and energy dissipation of each specimen. 

5.2. Global Envelope Comparisons 

Each global envelope curve provided in Figure 5.1 serves to simplify the hysteric 

global behavior of each specimen into a single curve. The envelope curves were not derived 

from local behavior because the local shear angle measurements were unable to capture post 

peak deformation.  

 
Figure 5.1. Global Envelope Curves. 

 

Comparing the global envelope curves in Figure 5.1 shows that all specimens were 

initially very stiff. This implied that externally bonded FRP did not impact the behavior of a 

reinforced concrete diaphragm prior to cracking of concrete. Specimen CD1, the unretrofitted 

control, first cracked due to a load of 52 kips. The average load to cause cracking in the retro-

fitted specimens was 96 kips which is an 85% relative increase in cracking strength compared 



 

74 

to Specimen CD1. After cracking, a drop in stiffness was experienced by all specimens. The 

post cracking stiffness of each retrofitted specimen appeared very similar likely because each 

retrofit incorporated four FRP sheets with an individual ply stiffness of approximately 4000 

kips/in/in.  

Specimen CD1 failed in diagonal tension shear and reached a peak load of 203 kips. 

The failure mode of each retrofitted specimen involved intermediate crack induced FRP 

debonding caused by diagonal tension cracking. End anchors typically served to resist com-

plete debonding but eventually failed due to pullout or rupture. Specimen CD3 was unique 

because it experienced FRP sheet rupture likely due to the stress concentrations caused by the 

intermediate anchors. The peak load of each retrofitted specimen ranged from 240 kips (Spec-

imen CD5) to 280 kips (Specimen CD6). On average, the retrofitted specimens reached a peak 

load of 258 kips which is a 27% relative increase compared to specimen CD1. This trend 

demonstrates that FRP strengthening can significantly increase the load capacity of reinforced 

concrete diaphragms. While the peak load capacity of the retrofitted specimens was similar, 

small differences could be attributed to variations in the concrete strength at the time of testing.  

As will be discussed in the following section, a more detailed analysis was conducted 

to investigate the influence of varying retrofit parameters on strengthened diaphragm behavior. 

5.3. Diaphragm Shear Strength 

The overall strength of the cantilever diaphragm specimens was a result of the super-

position of several behaviors. These included the shear strength provided by the concrete, re-

inforcing steel, and externally bonded FRP, along with the strength generated by the moment 

frame formed by the heavily reinforced chord and edge beams positioned around the perimeter 

of the specimens. Taking into account the relative proportion of these behaviors was crucial 

for determining the specific contribution of externally bonded FRP to the overall shear strength 

of the diaphragms. The following section describes an analysis to decompose the peak strength 

of the diaphragms into contributions of concrete and steel, externally bonded FRP, and the 

additional strength provided by frame action.  
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5.3.1 Contribution of Frame Action to Diaphragm Strength 

The chords and edge beam were believed to interact and provide frame like action that 

increased the in-plane shear strength of each specimen. To account for the frame action, a 

frame stiffness was first calculated for each specimen using Eq. (16). This equation represents 

a simplified frame model consisting of two, fixed columns subjected to a lateral point load as 

shown in Figure 5.2(a). The simplified frame model assumes that the edge beam was effec-

tively rigid which is consistent with the observed deformed configuration of each specimen up 

to peak load.  

 
𝐾𝐹𝑟𝑎𝑚𝑒  2 ∙

12𝐸𝑐𝐼𝑒
ℎ3

 

 

(16) 

where: 𝐾𝐹𝑟𝑎𝑚𝑒 is the frame stiffness (k/in.); 𝐸𝑐 is the experimental modulus of elasticity of 

concrete (ksi); 𝐼𝑒 is the effective moment of inertia of the chord beams (in.4); and ℎ is the 

length of one chord beam from the face of the shear wall to the free end of the specimen (102 

in.).  

The equation used to determine the effective moment of inertia, 𝐼𝑒, was adapted from 

Chapter 4 of ACI 435R (2020) and is provided as Eq. (17). 

 𝐼𝑒  0.7𝐼𝑔 + 0.3𝐼𝑐𝑟 (17) 

where: 𝐼𝑒 is the effective moment of inertia (in.4); 𝐼𝑔 is the gross moment of inertia of one 10 

in. square chord beam (in.4); and 𝐼𝑐𝑟 is the cracked moment of inertia of one 10 in. square 

chord beam calculated using a cracked, transformed sectional analysis (in.4). Table 5.1 sum-

marizes the moments of inertia used to calculate the frame action which vary due to the differ-

ences in the specimen’s modulus of elasticity of concrete.  

Using the calculated frame stiffness, an idealized linear elastic-perfectly plastic 

strength versus global shear angle relationship was generated for each specimen. The point of 

plasticity was calculated using Eq. (18). Figure 5.2(b) shows the frame action curve and ex-

perimental positive envelope curve of Specimen CD1. Similar analyses were performed for 

the other diaphragm specimens. A summary of the variables associated with the analysis of 
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each specimen’s frame action and the frame contribution at the shear angle associated with 

peak load,  𝐹𝑟𝑎𝑚𝑒, is provided in Table 5.1.  

 
   2 ∙

2𝑀𝑛
ℎ

 
(18) 

where:    is the plastic shear capacity of the frame (kip); 𝑀𝑛 is the moment capacity of one 

chord beam (in-k); and h is the length of one chord beam from the face of the shear wall to the 

free end of the specimen (102 in.). The moment capacity 𝑀𝑛 of a chord beam was calculated 

based on a strain compatibility section analysis using Whitney stress block and three, two bar 

layers of linear-perfectly plastic, No. 8, Grade 60 rebar.  

 
Figure 5.2. Frame Action: (a) Frame Model; (b) Frame Action Versus Positive Envelope for 

Specimen CD1. 

 

Table 5.1. Summary of Frame Action. 

Specimen 

Cracked 

Moment of 

Inertia, 𝑰𝒄𝒓 
(in.4) 

Effective 

Moment of 

Inertia, 𝑰𝒆 
(in.4) 

Frame 

Stiffness, 
𝑲𝑭𝒓𝒂𝒎𝒆 
(k/in.) 

Plastic 

Shear Ca-

pacity, 𝑽𝒑 

(kip) 

Frame 

Contribu-

tion, 
𝑽𝑭𝒓𝒂𝒎𝒆 

(kip) 

Global 

Shear An-

gle at Peak 

Load (rad) 

CD1 489 730 58.6 33 30 0.00494 

CD2 510 736 56.3 32 32 0.00691 

CD3 531 743 54.2 31 18 0.00326 

CD4 531 743 54.2 31 23 0.00409 

CD5 492 731 58.3 31 25 0.00428 

CD6 479 727 59.9 32 22 0.00364 
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The values of  𝐹𝑟𝑎𝑚𝑒 are used in Eq. (19) to determine the nominal experimental shear 

strength of each specimen excluding strength attributed to frame action. Section 5.3.3 also uses 

 𝐹𝑟𝑎𝑚𝑒 to determine the contribution of FRP to the diaphragm shear strength. 

  𝑛,𝑒     ,𝑒  −  𝐹𝑟𝑎𝑚𝑒 (19) 

where:  𝑛,𝑒   is the nominal experimental shear strength excluding strength attributed to frame 

action (kip);   ,𝑒   is the positive experimental shear strength (kip); and  𝐹𝑟𝑎𝑚𝑒 is the shear 

strength from frame action (kip). These values are provided in Table 5.2 for each specimen.  

Table 5.2. Summary of Nominal, Experimental Shear Strength. 

Spec-

imen 

Experimental Shear 

Strength, 𝑽𝒖,𝒆𝒙𝒑 (kip) 
Frame Contribution, 

𝑽𝑭𝒓𝒂𝒎𝒆 (kip) 
Nominal Experimental Shear 

Strength, 𝑽𝒏,𝒆𝒙𝒑 (kip) 

CD1 203 30 173 

CD2 280 32 248 

CD3 259 18 241 

CD4 263 23 240 

CD5 240 25 215 

CD6 250 22 228 

 

5.3.2 Contribution of Concrete and Steel to Diaphragm Strength 

Due to the conservative nature of the shear strength provisions in ACI 318 (2019), the 

Modified Compression Field Theory (MCFT) was used to calculate the contribution of con-

crete and reinforcing steel to the shear strength of each diaphragm specimen. Software program 

Response-2000 version 1.9.6 (Bentz 2001) was used to facilitate the MCFT calculations (Bentz 

et al. 2006). The following provides a description of the input parameters used in the Response-

2000 analysis. It should be noted that all input parameters except the concrete compressive 

strength remained the same for the analysis of each specimen. 

The concrete material properties were defined by entering the respective 6 in. × 12 in. 

compressive strengths from Table 3.3. The remaining concrete properties were held constant 

using: a default tension strength of 300 psi; a default peak strain of 0.197%; an aggregate size 

of 0.39 in.; and a default tension stiffing factor of 1.0. Furthermore, the default concrete base 

curve, compression softening, and tension stiffening models were left as 
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“Popovics/Thorenfeldt/Collins”, “Collins-Bentz 2011”, and “Bentz 1999” respectively. Sepa-

rate steel material properties were defined for each the diaphragm and chord reinforcement. 

The diaphragm reinforcement stress-strain properties, shown in Figure 3.16, were defined by 

entering an elastic modulus of 29008 ksi, a yield strength of 88.3 ksi, a strain at hardening of 

0.3%, a strain at peak of 3%, and an ultimate strength of 93.6 ksi. The chord beam reinforce-

ment material properties were defined by entering an elastic modulus of 29008 ksi, a yield 

strength of 68 ksi, a strain at hardening of 0.7%, a strain at peak of 10%, and an ultimate 

strength of 75 ksi. 

The diaphragm cross sectional dimensions were entered using the user defined concrete 

cross section option. A screenshot from Response-2000 showing details of the cross section 

and material properties is provided in Figure 5.3. Each chord beam was assigned six, No. 8 

longitudinal bars. Furthermore, ten distributed layers of two, No. 2 longitudinal bars and two 

layers of No. 2 single-leg transverse bars distributed at a spacing of 12 in. were assigned to 

represent the diaphragm reinforcement. Additionally, the full member properties were input 

by entering an overall length of 102 in., selecting a fixed end type of right support, selecting a 

constant shear analysis, applying a live load of 8.5 kip-ft at 102 in., and maintaining all other 

default settings.  

 
Figure 5.3. Response-2000 Input 

 

The member shear response was computed for each specimen, and the shear strength 

from concrete and steel was recorded.  Figure 5.4 provides an example of the results from a 
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member analysis generated by Response-2000. The shear strength provided by concrete and 

reinforcing steel predicted by Response-2000,  𝑅2𝐾, is summarized in Table 5.3 for each of 

the six diaphragm specimens. The value of  𝑅2𝐾 for each specimen was similar (approxi-

mately 170 kips) with minor variations due concrete compressive strength differences. The 

calculated shear strength provided by concrete and reinforcing steel using ACI 318-19 is ap-

proximately 144 kips, which is 18% lower than the capacity predicted by MCFT. This signif-

icant difference further emphasizes the importance of employing enhanced tools to precisely 

capture the shear strength of diaphragms. Values of  𝑅2𝐾 are used in Section 5.3.3 to deter-

mine the contribution of FRP to the diaphragm shear strength. 

 
Figure 5.4. Response-2000 Member Output 

 

Table 5.3. Shear Capacities from Response-2000 

Specimen 
Response-2000 Shear Strength, 

𝑽𝑹𝟐𝑲 (kip) 

CD1 172 

CD2 171 

CD3 162 

CD4 162 

CD5 166 

CD6 170 



 

80 

5.3.3 Contribution of FRP to Diaphragm Shear Strength 

The shear strength provided by FRP,  𝑓,𝑒  , was computed using Eq. (20). It was de-

termined by subtracting the frame action produced by perimeter beams,  𝐹𝑟𝑎𝑚𝑒 , and the shear 

strength provided by concrete and reinforcing steel,  𝑅2𝐾, from the peak experimental dia-

phragm strength,   ,𝑒  . The calculation assumed a superposition of behaviors, implying that 

the peak strengths of all strength components were achieved simultaneously.  

  𝑓,𝑒     ,𝑒  −  𝐹𝑟𝑎𝑚𝑒 −  𝑅2𝐾 

 

(20) 

Table 5.4. Experimental Strength Provided by FRP 

Specimen 

Experimental 

Shear Strength, 

𝑽𝒖,𝒆𝒙𝒑 (kip) 

Frame Contri-

bution, 𝑽𝑭𝒓𝒂𝒎𝒆 
(kip) 

Response-2000 

Shear Strength, 
𝑽𝑹𝟐𝑲 (kip) 

FRP Shear 

Strength, 𝑽𝒇,𝒆𝒙𝒑 

(kip) 

CD1 203 30 172 1 

CD2 280 32 171 77 

CD3 259 18 162 79 

CD4 263 23 162 78 

CD5 240 25 166 48 

CD6 250 22 170 58 

 

The theoretical shear strength provided by FRP for Specimen CD1 should be 0 kips 

since this was an unretrofitted specimen. This result was confirmed as Eq. (20) predicted a 

 𝑓,𝑒   value of 1 kip which validates the calculation process. In terms of strength provided by 

FRP, the retrofits corresponding to Specimens CD2, CD3, and CD4 were the most effective 

and similar because the FRP was installed parallel to the direction of loading and was ade-

quately spaced and anchored. Retrofitted Specimens CD5 and CD6 produced the lowest values 

of  𝑓,𝑒   and were the least effective because of CD5’s wide spacing of FRP sheets and CD6’s 

perpendicular sheet orientation. The results of this analysis are used in Section 5.4 to estimate 

an FRP debonding strain for each specimen.  

5.3.4 FRP Reinforcement Limits 

The total shear strength provided by reinforcement is taken as the sum of the contribu-

tion of the FRP shear reinforcement and the steel shear reinforcement (ACI 2017). As de-

scribed in Eq. (11), the sum of the shear strengths provided by the reinforcement and concrete 
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is limited to 8√𝑓𝑐′ 𝑏𝑤𝑑 by ACI PRC-440.2R (2017) to prevent diagonal crushing failures in 

concrete members. The ultimate strengths of the six diaphragms were normalized to explore 

how close the diaphragm specimens were to the reinforcement limit 8√𝑓𝑐′ 𝑏𝑤𝑑. First, frame 

action was deducted from each specimen’s global envelope curve. After deducting the as-

sumed frame action described in Section 5.3.1, the resulting force data was divided by 𝐴𝑐𝑣√𝑓𝑐′. 

The gross diaphragm area, 𝐴𝑐𝑣, was taken as 480 in2 and the concrete compressive strength, 

𝑓𝑐′ (psi), corresponded to the respective 6 in. × 12 in. compressive strength data from Table 

3.3. The global normalized envelope curves are provided in Figure 5.5 which also shows the 

reinforcement limit of 8√𝑓𝑐′ 𝑏𝑤𝑑. The ultimate normalized strength of Specimen CD1 was 

5.26 while the retrofitted specimen’s ultimate normalized strength ranged from 7.14 to 8.32. 

The retrofitted specimen’s normalized strengths were approximately 1.47 times greater than 

the unretrofitted control and did not appear to be significantly affected by retrofit configura-

tion. It should be noted that Specimens CD3 and CD4 narrowly exceeded the reinforcement 

limit and did not experience concrete crushing. The ultimate normalized strength calculated 

for each specimen is summarized in Table 5.5.  

 
Figure 5.5. Normalized Envelope Curves Excluding Frame Action 

 

Limit: 8√𝑓𝑐′ 𝑏𝑤𝑑 
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Table 5.5. Summary of Ultimate Normalized Strengths 

Specimen 

Ultimate Normalized Strength, 

(𝑽𝒖,𝒆𝒙𝒑 − 𝑽𝑭𝒓𝒂𝒎𝒆) (𝑨𝒄𝒗√𝑓𝑐′) 

CD1 5.26 

CD2 7.64 

CD3 8.32 

CD4 8.26 

CD5 7.20 

CD6 7.14 

5.4. FRP Debonding Strain 

A key outcome of this study was to evaluate the applicability of Eq. (6) to reinforced 

concrete diaphragms by analyzing and comparing the recorded FRP debonding strains with 

the design strains calculated with the equation. However, the available experimental FRP strain 

data was constrained due to limitations of the strain gauge’s placement and proximity to cracks 

in the concrete. The FRP strain gauges could only capture the peak strain in the FRP sheet if a 

crack directly intersected the sheet at the gauge’s location. As a result, the strain data may not 

fully represent the overall behavior of the FRP sheet in areas without crack engagement. To 

overcome this limitation, the estimated FRP debonding strain, 𝜀𝑓,𝑒  , was derived from the 

FRP shear contribution,  𝑓,𝑒  . Rationale to report the measured experimental FRP debonding 

strain, 𝜀𝑓,𝑆𝐺 , was created, and design strains, 𝜅𝑣𝜀𝑓 , were calculated with Eq. (6). Finally, the 

design strains and estimated strains were compared to the measured experimental strains.  

5.4.1 Estimated Debonding Strain 

Equation (4) was reformulated into Eq. (21) to estimate the FRP debonding strain 

from the experimental shear strength provided by FRP.  

 
𝜀𝑓,𝑒   

 𝑓,𝑒  𝑠𝑓

𝐴𝑓𝑣𝐸𝑓(𝑠𝑖𝑛 + 𝑐𝑜𝑠𝛼)𝑑𝑓𝑣
 

(21) 

 

where: 𝜀𝑓,𝑒   is the estimated FRP debonding strain (in./in.);  𝑓,𝑒   is the experimental shear 

strength provided by FRP (kips);  𝑠𝑓 is the center-to-center spacing of FRP strips (in.), 𝐴𝑓𝑣 is 

the area of one FRP strip (in.2); 𝐸𝑓 is the tensile modulus of FRP (ksi); 𝛼 is the angle of 
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application of primary FRP reinforcement relative to the longitudinal axis of the member 

(deg); and 𝑑𝑓𝑣 is the effective depth of FRP (in.).  

The effective depth, 𝑑𝑓𝑣, used in Eq. (21) for CD2, CD3, CD4, and CD5 was 96 in. 

which corresponds to the center-to-center distance of the chord beams. This distance was se-

lected because diagonal tension cracking was typically not observed to extend past the cen-

terline of the chord beams. However, the FRP on CD6 was oriented perpendicular to the di-

rection of applied shear load and did not extend past the chord beams. Therefore, an effective 

depth of 84 in. corresponding to the edge-to-edge distance of exterior sheets was selected for 

CD6. A summary of the results and variables associated with Eq. (21) are provided in Table 

5.6. These strains will be further discussed and compared in Section 5.4.3.  

Table 5.6. Estimated FRP Debonding Strain Analysis 

Specimen 

Experi-

mental 

FRP 

Shear 

Strength,

𝑽𝒇,𝒆𝒙𝒑 

(kip) 

Area of 

FRP 

Sheet,
𝑨𝒇𝒗 (in.2) 

Spacing 

of FRP, 
𝒔𝒇 (in.) 

Effective 

Depth,

𝒅𝒇𝒗 (in.) 

Orienta-

tion, 𝜶 
(deg) 

FRP 

Modulus 

of Elas-

ticity, 𝑬𝒇 

(ksi) 

Esti-

mated 

FRP 

Debond-

ing 

Strain, 
𝜺𝒇,𝒆𝒙𝒑 (%) 

CD1 1 - - - - - - 

CD2 80 0.24 24 96 0 16700 0.48 

CD3 79 0.29 23.2 96 0 13900 0.47 

CD4 78 1.05 21 96 0 3730 0.44 

CD5 48 0.28 25.7 96 0 14240 0.32 

CD6 58 0.24 24 84 90 16700 0.42 

5.4.2 Experimental FRP Debonding Strain 

The experimental FRP strains represented strain at the locations of the strain gauges 

and did not necessarily capture the maximum strains anywhere in the FRP sheets. Regardless, 

the largest FRP strain recorded from any of the strain gauges when the specimen reached its 

peak capacity may provide useful information about the possible contribution of FRP to shear 

strength. Due to the strain gauge limitations, the experimental FRP debonding strain, 𝜀𝑓,𝑆𝐺 , 

was assumed to be the maximum recorded strain at the time of peak load, 𝜀𝑆𝐺𝑚𝑎 , for Speci-

mens CD2 through CD5. The FRP retrofit of Specimen CD6 was thought to strengthen the 

specimen in both shear and flexure due to its 90-degree orientation to the applied load. 
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Consequently, the experimental strain data recorded for Specimen CD6 was assumed to in-

clude components contributing to shear and flexure that required decoupling.  

To decouple the flexural component from the experimental data for CD6, program Re-

sponse-2000 was utilized once again. The model previously discussed in Section 5.3.2 was 

further refined by including rebar with linear elastic material properties to represent each ex-

ternally bonded FRP sheet. The FRP material model was defined by entering an elastic mod-

ulus of 16705 ksi, a yield strength of 182.6 ksi, a strain at hardening of 1.09%, a strain at peak 

of 1.3%, and an ultimate strength of 216 ksi. This material model was assigned to longitudinal 

bars located at the centerline of each FRP sheet. These longitudinal bars were assigned an area 

of 0.24 in2 which corresponds to the cross-sectional area of each FRP applied to CD6. A sec-

tional response was then generated to obtain the longitudinal strain of the two interior FRP 

bars at section cut A-A shown in Figure 5.6. Section A-A is located 86 in. from the cantilever 

end and corresponds to the location where strain gauges S2N and S3N were installed. To de-

termine the peak moment at section A-A, the experimental capacity of 250 kips was multiplied 

by 86 in. which equates to 21500 kip-in or 1792 kip-ft. A strain profile for this exact moment 

was not computed by Response-2000; therefore, linear interpolation was utilized with the data 

corresponding to moments of 1638.5 kip-ft and 1794.3 kip-ft. The resulting strain profile 

which includes the longitudinal strain at the centerline of sheets S2 and S3 is shown in Figure 

5.6.  

 
Figure 5.6. Flexural Strain Analysis for CD6 
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From the longitudinal strain analysis, the flexural component of the experimental FRP 

strain, 𝜀𝑓𝑙𝑒 , was assumed to be 0.06%. This flexural component was then subtracted from the 

maximum recorded strain at peak load, 𝜀𝑆𝐺𝑚𝑎 , to obtain the experimental FRP debonding 

strain, 𝜀𝑓,𝑆𝐺 . The strain values described in this section are summarized in Table 5.7 and will 

be further discussed and compared in Section 5.4.3. 

Table 5.7. Experimental FRP Debonding Strain Analysis 

Specimen 

Max Experimental 

Strain at Peak Load, 

𝜺𝑺𝑮𝒎𝒂𝒙 (%) 

Flexural Strain, 𝜺𝒇𝒍𝒆𝒙 

(%) 

Experimental FRP 

Debonding Strain, 
𝜺𝒇,𝑺𝑮 (%) 

CD2 0.37 - 0.37 

CD3 0.45 - 0.45 

CD4 0.47 - 0.47 

CD5 0.36 - 0.36 

CD6 0.48 0.06 0.42 

5.4.3 Design Debonding Strain Limit from ACI PRC-440.2R 

An FRP debonding design strain was calculated for each retrofitted specimen using the 

methodology presented in ACI PRC-440 (2017). The resulting calculations utilizing Equations 

(6) through (10) are summarized in Table 5.8.  

Table 5.8. Debonding Design Strain Calculations.  

Specimen 

Active 

Bond 

Length, 𝑳𝒆 
(in.) 

Concrete 

Modifica-

tion Fac-

tor, 𝒌𝟏 

Retrofit 

Modifica-

tion Fac-

tor, 𝒌𝟐 

FRP Rup-

ture 

Strain, 𝜺𝒇𝒖 

(%) 

Bond Co-

efficient 

for Shear, 
𝜿𝒗 

Design 
Strain, 
𝜿𝒗𝜺𝒇𝒖 (%) 

CD2 1.56 1.09 0.97 1.3 0.27 0.35 

CD3 1.74 0.94 0.96 1 0.34 0.34 

CD4 2.19 0.94 0.95 1.8 0.23 0.42 

CD5 1.15 0.99 0.98 1.27 0.19 0.24 

CD6 1.56 1.08 0.96 1.3 0.27 0.35 

 

Table 5.9 summarizes the calculated design strains and debonding strain values from 

Sections 5.4.1 and 5.4.2. The experimental FRP debonding strain values, 𝜀𝑓,𝑆𝐺, were reasonably 

similar to the estimated FRP debonding strain values, 𝜀𝑓,𝑒  . This comparison instilled confidence in 

the experimental FRP debonding strain values, 𝜀𝑓,𝑆𝐺, which were initially doubted due to the limitations 

of capturing FRP strain in areas without crack engagement. Therefore, the experimental FRP 
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debonding strains were assumed to be the known values. Figure 5.7 compares the relative accuracy 

of the design strains, 𝜅𝑣𝜀𝑓 , and estimated debonding strains, 𝜀𝑓,𝑒  , to the experimental 

debonding strains, 𝜀𝑓,𝑆𝐺. In general, both sets of strains reasonably matched the experimental 

debonding strains. The estimated debonding strain, 𝜀𝑓,𝑒  , of Specimen CD2 is an outlier likely 

due to an absence of principle cracks near the working strain gauges at the time of peak load. 

The outlying design strain, 𝜅𝑣𝜀𝑓 , corresponding to Specimen CD5 indicated that the design calcu-

lations are most conservative when using denser FRP fabric. Each calculated design strain value 

was less than the corresponding experimental debonding strain and the estimated debonding 

strain. The average ratio of 𝜅𝑣𝜀𝑓  𝜀𝑓,𝑆𝐺 was noted to be 0.82 with a coefficient of variation 

(COV) of 0.14. While this implied Eq. (6) is conservative for design purposes, other limit 

states such as the need to limit crack widths, maintain aggregate interlock, and limit steel 

yielding may need to be taken into consideration.   

Table 5.9. Summary of FRP Strain Analysis 

Specimen 

Estimated FRP 

Debonding 

Strain, 𝜺𝒇,𝒆𝒙𝒑 

(%) 

Experimental 

FRP Debonding 

Strain, 𝜺𝒇,𝑺𝑮 (%) 

Design Strain, 
𝜿𝒗𝜺𝒇𝒖 (%) 

𝜿𝒗𝜺𝒇𝒖 𝜺𝒇,𝑺𝑮 

(%/%) 

CD2 0.48 0.37 0.35 0.95 

CD3 0.47 0.45 0.34 0.75 

CD4 0.44 0.47 0.42 0.90 

CD5 0.32 0.36 0.24 0.66 

CD6 0.42 0.42 0.35 0.83 

 
Average 0.82 

COV 0.14 
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Figure 5.7. Accuracy Comparison of Calculated FRP Strains. 

5.5. Diaphragm Stiffness 

As can be seen in Figure 5.1, the stiffness of each specimen was initially very high, 

reflecting high shear rigidity of concrete prior to cracking. However, as cracking occurred, the 

stiffness of the specimens decreased, with the steel reinforcement and FRP becoming actively 

engaged and playing a significant role in contributing to the overall stiffness. Consequently, it 

may not be appropriate to characterize the stiffness of each specimen with just one value. First 

the initial global stiffness values of the uncracked diaphragm were predicted using mechanics-

based equations. Measured global stiffness values were then quantified using the experimental 

data to determine the effects of FRP strengthening on global stiffness behavior. While dia-

phragm deformation in Chapter 4 was expressed in terms of rotation in radians, for the sake of 

convenience, stiffness is being defined here in units of kips per inch (k/in.). To obtain stiffness 

in units of kips per radian (k/rad), one can multiply the reported stiffness value by the lever 

arm of the applied load of 90 in. The predicted initial stiffness values were then compared to 

the experimental stiffness values to determine a modifier for predicting the stiffness of the 

cracked diaphragm.  

5.5.1 Initial Global Stiffness of the Uncracked Diaphragm 

Before cracking occurred, the externally bonded FRP and reinforcing steel were as-

sumed to have minimal influence on stiffness. Therefore, the initial global stiffness of the 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 0.1 0.2 0.3 0.4 0.5 0.6

C
al

cu
la

te
d

 S
tr

ai
n

 (
%

) 

Experimental Strain (%) 

1.15
1.0

0.85

εf,exp κvεfu

CD2
CD3
CD4
CD5
CD6



 

88 

uncracked diaphragm was predicted considering only the concrete contribution. The process 

to predict the initial global stiffness of concrete-filled steel deck diaphragms outlined by 

Avellaneda-Ramirez et al. (2022) was adopted in this study. The total deflection at the free 

end of the cantilever diaphragm specimens was assumed to consist of bending and shear de-

formations and was calculated with Eq. (22). 

 𝛥𝑡𝑜𝑡  𝛥𝑏 + 𝛥𝑠 (22) 

where: 𝛥𝑡𝑜𝑡 is the total deflection of the reinforced concrete diaphragm (in.); 𝛥𝑏 is the deflec-

tion due to bending (in.); and 𝛥𝑠 is the deflection due to shear (in.).  

The bending deflection at the free end of the cantilever diaphragm specimens was cal-

culated with Eq. (23). This equation assumes that the gross concrete section, including the 

diaphragm and chord beams, resisted bending deformations.  

 
𝛥𝑏  

 𝑎3

3𝐸𝑐𝐼𝑐
 

(23) 

where: 𝛥𝑏 is the bending deflection of the reinforced concrete diaphragm (in.);   is the applied 

load (kips); 𝑎 is the distance from the shear wall face to the centerline of loading (90 in.); 𝐸𝑐 

is the modulus elasticity of concrete  (ksi); and 𝐼𝑐 is the gross moment of inertia of the slab and 

chord beams (in.4). The modulus of elasticity of concrete used in these calculations was ob-

tained from experimental data reported in Table 3.3.  

The shear deflection at the free end of the cantilever diaphragm was calculated with 

Eq. (24). This equation assumes only the 4 in. thick concrete diaphragm field resisted shear.  

 
𝛥𝑠  

 𝑎

𝐺𝑐𝑏𝑡𝑐
 

(24) 

where: 𝛥𝑠 is the shear deflection of the reinforced concrete diaphragm (in.);   is the applied 

load (kips); 𝑎 is the distance from the shear wall face to the centerline of loading (90 in.); 𝑏 is 

the depth of the diaphragm (120 in.); 𝐺𝑐 is the concrete shear modulus (ksi); and 𝑡𝑐 is the 

thickness of the diaphragm field (in.). 
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The concrete shear modulus was calculated with Eq. (25), and the Poisson’s ratio for 

concrete was assumed as 0.2.  

 
𝐺𝑐  

𝐸𝑐
2(1 + 𝜈𝑐)

 
(25) 

where: 𝐺𝑐 is the concrete shear modulus (ksi); 𝐸𝑐 is the concrete modulus of elasticity (ksi); 

and 𝜈𝑐 is the assumed Poisson’s ratio for concrete.  

Finally, the predicted initial stiffness of each uncracked specimen due to a unit load 

of 100 kips was calculated with Eq. (26). A summary of the predicted initial stiffness calcu-

lations is provided in Table 5.10. 

 
𝐾𝑃𝐼  

 100
𝛥𝑡𝑜𝑡100

 
(26) 

where: 𝐾𝑃𝐼 is the predicted initial stiffness (k/in.);  100 is a unit load of 100 kips; and 𝛥𝑡𝑜𝑡100 

is the predicted total deflection due to a 100 kip unit load calculated using Eq. (22).  

Table 5.10. Predicted Initial Stiffness Results 

Spec

imen 

Unit 

Load, 

𝑽𝟏𝟎𝟎 

(kip) 

Concrete 

Modulus 

of Elas-

ticity, 𝑬𝒄 
(ksi) 

Concrete 

Shear 

Modu-

lus, 𝑮𝒄 
(ksi) 

Shear 

Stiffness, 
𝑮𝒄𝒕𝒄 

(k/in.) 

Shear 

Deflec-

tion, 𝜟𝒔 
(in.) 

Bend-

ing De-

flection, 
𝜟𝒃 (in.) 

Total 

Deflec-

tion,
𝜟𝒕𝒐𝒕𝟏𝟎𝟎 

(in.) 

Stiff-

ness, 
𝑲𝑷𝑰 

(k/in.) 

CD1 100 3550 1479 5917 0.0127 0.0080 0.0207 4832 

CD2 100 3380 1408 5633 0.0133 0.0084 0.0217 4600 

CD3 100 3230 1346 5383 0.0139 0.0088 0.0227 4396 

CD4 100 3230 1346 5383 0.0139 0.0088 0.0227 4396 

CD5 100 3530 1471 5883 0.0127 0.0081 0.0208 4805 

CD6 100 3640 1517 6067 0.0124 0.0078 0.0202 4954 

 

The experimental initial stiffness, 𝐾𝐸𝐼, was intended to be determined from the local 

shear angle data; however, this method proved unreliable. Prior to cracking, the local shear 

angle data was within the noise level of the sensors used. Consequently, the local shear angle 

cycles prior to cracking appeared vertical which implied infinite stiffness as shown in Figure 

5.8. 
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Figure 5.8. Undefined Experimental Initial Stiffness 

5.5.2 Global Secant Stiffness 

Two secant stiffnesses, 𝐾𝑆𝑃𝑒𝑎𝑘 and 𝐾𝑆75%, were determined using the envelope curves 

of each specimen’s global shear angle response. Stiffness 𝐾𝑆𝑃𝑒𝑎𝑘 corresponds to the slope of 

a secant line intersecting the peak experimental capacity on the envelope curve and is used to 

study how the FRP shear strength contribution affects stiffness. Additionally, stiffness 𝐾𝑆75% 

corresponds to the slope of a secant line intersecting the approximate factored experimental 

capacity on the envelope curve. The factored experimental capacity was assumed to be 75% 

of the peak experimental load which is consistent with the reduction factor (ϕ = 0.75) applied 

to the shear strength of reinforced concrete diaphragms. The secant line of 𝐾𝑆75% was adopted 

from work done by Priestly and Park (1987) to quantify the ductility of concrete bridge col-

umns under seismic loading and is later used in Section 5.6 to quantify each diaphragm’s duc-

tility. A visual example of both secant stiffnesses for Specimen CD1 is provided in Figure 5.9. 

Furthermore, the experimental stiffness values for each specimen are summarized and com-

pared to the predicted stiffness values in Table 5.11. Each experimental stiffness value was 

converted from units of kip per radian to kip per inch by dividing by the lever arm of the 

applied load of 90 in. Values for Specimen CD2 are excluded due to the uncertainty of the 

global shear angle correction.  

KEI = ∞ 
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Figure 5.9. Experimental Secant Stiffness 

 

Table 5.11. Summary of Experimental Stiffness Results 

Specimen 

Peak 

Load 

(kip) 

Global 

Shear 

Angle 

at Peak 

Load 

(rad) 

Stiff-

ness, 
𝑲𝑺𝑷𝒆𝒂𝒌 
(k/in.) 

𝑲𝑺𝑷𝒆𝒂𝒌
 𝑲𝑷𝑰 

75% 

Peak 

Load 

(kip) 

Global 

Shear 

Angle at 

75% 

Peak 

Load 

(rad) 

Stiff-

ness, 
𝑲𝑺𝟕𝟓% 
(k/in.) 

𝑲𝑺𝟕𝟓%
 𝑲𝑷𝑰 

CD1 203 0.00494 457 0.09 152 0.00229 739 0.15 

CD3 259 0.00326 883 0.20 194 0.00144 1499 0.34 

CD4 263 0.00409 714 0.16 197 0.00217 1010 0.23 

CD5 240 0.00428 623 0.13 180 0.00198 1010 0.21 

CD6 250 0.00364 763 0.15 188 0.00175 1190 0.24 

Average - - - 0.15 - - - 0.23 

 

Figure 5.10 shows a trendline which demonstrates as the shear strength provided by 

FRP increased, the diaphragm’s secant stiffness 𝐾𝑆𝑃𝑒𝑎𝑘 increased. The secant stiffness 𝐾𝑆𝑃𝑒𝑎𝑘 

of the retrofitted specimens (excluding CD2) increased by an average of 63% in comparison 

to Specimen CD1. The perpendicular retrofit of Specimen CD6 increased the stiffness of the 

diaphragm similarly as the parallel retrofits did in comparison to the unretrofitted specimen. 

The largest secant stiffness value corresponds to Specimen CD3 which is likely due to the 

intermediate anchors that were incorporated into the retrofit.  
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Figure 5.10. Trend Relating FRP Shear Strength Contribution to Stiffness 

 

To compare the predicted initial stiffness to the two secant stiffnesses, ratios of 

𝐾𝑆𝑃𝑒𝑎𝑘 𝐾𝑃𝐼 and 𝐾𝑆75% 𝐾𝑃𝐼 were calculated and included in Table 5.11. The average of these 

two ratios was 0.15 and 0.23 respectively. Either average ratio could be used as a modifier in 

the stiffness prediction methodology described in Section 5.5.1 to estimate the stiffness of the 

cracked diaphragm. The modifier would need to be applied to 𝐼𝑐 in Eq. (23) and 𝑏𝑡𝑐 in Eq. 

(24) to calculate a value that matches the experimental stiffness on average. However, using 

either average ratio as a modifier would not explicitly separate the effect of FRP on stiffness.  

5.6. Diaphragm Ductility and Energy Dissipation 

Ductility was quantified to investigate the seismic performance of each specimen. The 

ductility ratio, µ, was calculated by dividing the critical shear angle, 𝛾𝑐, by the yielding shear 

angle, 𝛾𝑦. The critical shear angle was intended to represent the ultimate deformation capacity 

of a specimen and was estimated as the post peak global shear angle corresponding to 80% of 

peak capacity. This estimate of the critical shear angle was adopted from FEMA P695 (2009). 

Moreover, the yielding shear angle was extrapolated from the secant stiffness, 𝐾𝑆75%, where 

the secant line intersects peak capacity as shown in Figure 5.11. This estimate of the yielding 

shear angle was adopted from the previously mentioned work completed by Park and Priestly 
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(1987). The resulting ductility ratio for each specimen excluding CD2 can be found in Table 

5.12. Specimen CD2 was not included in this analysis due to the uncertainty of the global shear 

angle correction. In comparison to the unretrofitted control, only Specimen CD6’s perpendic-

ular retrofit showed an increase in ductility. In general, the addition of FRP did not increase 

the ductility of the specimens; however, the FRP retrofits did not seem to reduce the ductility 

either. This indicates that factors relating to reinforced concrete diaphragm ductility such as 

the diaphragm force reduction factor included in the alternate diaphragm design procedure of 

ASCE 7-22 (2022) could be used for reinforced concrete diaphragms retrofitted with externally 

bonded FRP.  

 
Figure 5.11. Example of Quantifying Ductility for Specimen CD1.  

 

Table 5.12. Summary of Ductility Values 

Specimen 
Yielding Shear Angle, 𝜸𝒚 

(rad) 

Critical Shear Angle, 𝜸𝒄 
(rad) 

Ductility Ratio, µ 
 

CD1 0.00305 0.00853 2.80  

CD3 0.00192 0.00470 2.45  

CD4 0.00289 0.00755 2.62  

CD5 0.00264 0.00637 2.42  

CD6 0.00234 0.00846 3.62  

 

To further investigate the ability to deform after peak load, the critical shear angle of 

each specimen was compared. While the critical shear angle of Specimen CD1 was the highest, 

the critical shear angles of Specimen CD4 and CD6 were relatively similar. This suggests that 

γy γ
c
 

µ  
𝛾𝑐
𝛾𝑦
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these specimens maintained a similar deformation capacity after peak load in comparison to 

the unretrofitted specimen. The critical shear angles of Specimen CD3 and CD5 were lower in 

comparison to Specimen CD1 which demonstrates the deformation capacity after peak load 

was less than the unretrofitted specimen.  

In addition to ductility, energy dissipation was studied to better understand the seismic 

performance of each specimen. The cumulative shear angle and associated energy was derived 

from the global response of each specimen using Eq (27). 

 

 𝛾(𝑖)  𝑚𝑎𝑥𝑖𝑚𝑢𝑚(𝛾𝐺(𝑖), 𝛾(𝑖−1)) 

𝑊(𝑖)  ((
 (𝑖) +  (𝑖−1)

2
) (𝛾𝐺(𝑖) − 𝛾𝐺(𝑖−1)) ∙ 𝑎) +𝑊(𝑖−1) 

(27) 

where: 𝛾 is the shear angle (radians); 𝛾𝐺 is the global shear angle (radians); 𝑊 is the dissipated 

energy (kip-in);   is the load corresponding to the global shear angle (kips); and 𝑎 is the dis-

tance from the face of the shear wall to the centerline of loading (90 in.).  

The resulting energy dissipation curve for each specimen is provided in Figure 5.12. 

The vertical jumps in each curve represent the second duplicate cycle of each load step where 

the dissipated energy increased while the shear angle remained the same. Specimen CD2’s 

curve is excluded due to the uncertainty surrounding the global shear angle correction. When 

comparing each retrofitted specimen to the unretroffited control, no retrofit seemed to increase 

the energy dissipated. This implied that externally bonded FRP retrofits do not contribute any 

additional damping to the original system.  
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Figure 5.12. Comparison of Energy Dissipation.  
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Chapter 6. Discussion of Results 

6.1. Overview 

The purpose of this chapter is to examine the impact of test variables by comparing the 

performance of specimens with one another. For ductility-related comparisons, Specimen CD2 

was excluded due to uncertainties in the global shear angle correction. To evaluate the effec-

tiveness of the design guidance outlined in ACI PRC-440.2R (2017), the experimental data 

was compared to design strengths and limits. Finally, these comparisons will be used to pro-

pose design considerations for the use of externally bonded FRP for shear strengthening rein-

forced concrete diaphragms.  

6.2. Effect of FRP Surface Coverage 

The surface coverage of each specimen was defined as the percentage of surface area 

covered by FRP from the face of the shear wall to the interior edge beam boundary. To inves-

tigate the impact of surface coverage, the shear strength provided by FRP,  𝑓,𝑒  , and the duc-

tility ratio, µ, of Specimens CD2, CD4, and CD5 were compared. Each of these specimens 

utilized end anchorage only, were retrofitted parallel to the applied shear, and incorporated the 

same level of FRP axial stiffness. Figure 6.1(a) compares the effect of surface coverage on the 

in-plane strength provided by the retrofit, and Figure 6.1(b) compares the effect of surface 

coverage on the ductility ratio. The results in Figure 6.1(a) demonstrate that increasing the 

FRP surface coverage from 33% to 100% increases the shear strength provided by the retrofit 

by a factor of 1.625. Furthermore, increasing the surface coverage from 57% to 100% showed 

a negligible increase in the shear strength provided by FRP. Figure 6.1(b) shows that ductility 

was negligibly increased as the surface coverage was increased from 33% to 100%; however, 

the unretrofitted control specimen maintained a slightly larger ductility ratio in comparison. 
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Figure 6.1. Surface Coverage Effects On: (a) In-plane Strength Provided by FRP; (b) Ductil-

ity. 

 

FRP surface coverage also plays an important role in restraining crack widths in con-

crete. Large crack widths in concrete diaphragms are associated with inelastic behavior of 

diaphragm reinforcement, loss of aggregate interlock, and increase the likelihood of FRP 

debonding. The clear spacing of FRP sheets 𝑠𝑓𝑐, which surface coverage is computed from, 

seemed to affect how well cracking was restrained. Specimen CD5’s retrofit was characterized 

by 18.7 in. of clear spacing between sheets which narrowly exceeded the 18 in. maximum 

spacing requirement for reinforcing steel. This large clear spacing could be attributed to the 

approximate 62% difference in strength provided by FRP when compared to Specimens CD2 

and CD4. Figure 6.2 compares the normalized clear spacing and shear capacity contribution 

of the retrofits corresponding to CD2 through CD5. Each of these retrofits were installed par-

allel to the applied shear and incorporated the same amount of FRP axial stiffness. The nor-

malized clear spacing was calculated for each specimen by dividing the FRP clear spacing, 

𝑠𝑓𝑐, by the thickness of the diaphragm, 𝑡𝑐. The dotted trendline within Figure 6.2 shows the 

FRP shear strength contribution increased as the clear spacing between FRP sheets decreased 

until an optimal clear spacing was met. Based on this observation, the recommended maximum 

clear spacing was assumed to be 3 times the thickness of the diaphragm, 3𝑡𝑐. However, more 

tests that reflect a larger sample of strengthened diaphragms are recommended to confirm this 

limit.  
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Figure 6.2. Effect of FRP Clear Spacing on the FRP Contribution to Shear Strength.  

6.3. Effect of Anchorage Scheme 

While all FRP sheets applied to reinforced concrete diaphragms should be anchored at 

the ends to prevent or delay debonding failures, engineers often try to further improve bond 

by arresting intermediate cracked induced debonding using intermediate anchors. To investi-

gate the impact of using intermediate anchors designed to satisfy an overstrength factor of 1.5 

times the area required to develop the tensile strength of the FRP sheet being anchored, the 

shear strength provided by FRP of Specimens CD2 and CD3 were compared. Each of these 

specimens were retrofitted parallel to the applied shear with CFRP and incorporated the same 

amount of FRP axial stiffness. Figure 6.3(a) compares the effect of anchorage on the in-plane 

strength provided by the retrofit. The results in Figure 6.3(a) demonstrate that installing inter-

mediate anchors has negligible effect on the shear strength provided by the retrofit. This is 

because the concrete and reinforcing steel experience high levels of stress at peak diaphragm 

capacity. Due to this highly stressed condition, the base structure itself becomes the limiting 

factor, and the additional benefits provided by the intermediate anchors do not lead to any 

significant enhancement in diaphragm strength.  

Furthermore, to investigate the ability of strengthened diaphragms to deform after peak 

load, the critical shear angle (e.g., the shear angle prior to incipient failure) of Specimens CD3, 

CD4, and CD5 were compared. Values of critical shear angle were discussed in Section 5.6. 
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Specimens CD3 and CD4 were utilized in this comparison because they were both retrofitted 

parallel to the applied shear, Section 6.2 showed that surface coverage had relatively negligible 

impacts on ductility, and no data was provided for Specimen CD2. Figure 6.3(b) compares the 

effect of anchorage on the critical shear angle and shows that while no anchorage scheme 

increased the critical shear angle in comparison to the unretrofitted control, the critical shear 

angle of Specimen CD3 was substantially low in comparison to the others. This is due to the 

intermediate anchors causing stress concentrations resulting in localized areas of concentrated 

damage in the field of the diaphragm.  

 
Figure 6.3. Effect of FRP Anchorage Scheme On: (a) In-plane Strength Provided by FRP; (b) 

Critical Shear Angle. 

 

End anchors were found to prevent end peeling prior to intermediate crack induced 

debonding. However, installing intermediate anchors showed negligible benefit to the in-plane 

capacity provided by FRP and resulted in a decrease in the diaphragms ability to deform after 

peak load. The intermediate anchors, which were equivalently sized as the end anchors, were 

believed to cause areas of high stress concentrations resulting in increased damage propaga-

tion. This theory is supported by the failure mode of Specimen CD3 which was the only spec-

imen to experience FRP sheet rupture in a localized area. Therefore, while end anchorage is 

recommended, the use of intermediate anchors is cautioned. If intermediate anchors are spec-

ified, it is recommended they be designed to satisfy a factor of 0.5 times the area required to 

develop the tensile strength of the FRP sheet being anchored. This recommendation serves to 

prevent localized damage in the diaphragm by allowing the intermediate anchors to fail first. 
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However, this recommendation should be confirmed and further developed through additional 

testing focused on the size and spacing of intermediate anchors.  

6.4. Effect of FRP Orientation on Shear 

While it is common to strengthen a reinforced concrete diaphragm with an orthogonal 

grid of FRP, the FRP applied in the perpendicular direction of applied shear is typically ignored 

in design scenarios (Dhakal et al. 2022). To investigate the impact of the FRP’s orientation 

relative to the direction of applied loading, the shear strength provided by FRP and the ductility 

ratio of Specimens CD3 and CD6 were compared. Each of these specimens utilized end an-

chors with intermediate anchors and incorporated the same level of CFRP axial stiffness. Fig-

ure 6.4(a) compares the effect of orientation on the in-plane strength provided by the retrofit, 

and Figure 6.4(b) compares the effect of orientation on the ductility ratio. The results in Figure 

6.4(a) demonstrate that installing the FRP parallel to the direction of loading provides more 

shear strength in comparison to a perpendicular installation. In terms of strength provided by 

FRP, the perpendicular retrofit was significant but approximately 75% as effective in compar-

ison to the equivalent parallel retrofit. This indicates that ignoring FRP installed perpendicular 

to the applied shear is conservative in design scenarios. Figure 6.4(b) suggests that orienting 

the retrofit perpendicular to the applied shear can improve the ductility of a reinforced concrete 

diaphragm using externally bonded FRP. This is because FRP installed perpendicular to the 

direction of applied shear is thought to improve the flexural behavior of the diaphragm which 

consequently improves ductility.  
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Figure 6.4. Orientation to Shear Effects On: (a) In-plane Strength Provided by FRP; (b) Duc-

tility. 

  

79

58

0

10

20

30

40

50

60

70

80

90

0 90

V
f,

ex
p

 (k
ip

s)

Orientation (degrees)

CD3 CD6

(a) 

2.45

3.62

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

0 90

D
u

ct
ili

ty
, µ

Orientation (degrees)

CD3 CD6

CD1=2.80

(b) 



 

102 

6.5. Design Considerations 

The following design considerations are provided for the use of externally bonded FRP 

for shear strengthening reinforced concrete diaphragms. These retrofit recommendations are 

focused on wet layup composites of unidirectional fiber reinforced fabric combined with a 

polymer resin. They are based on the limited results of this study and are intended to address 

gaps in existing FRP-related design documents, such as ACI PRC-440.2R (2017) and IAPMO 

EC038 (2019). Certain equations have been repeated from earlier sections of the thesis to im-

prove readability of the design considerations. 

6.5.1 Nominal Shear Strength of FRP Strengthened Diaphragms 

The nominal shear strength  𝑛 of reinforced concrete diaphragms may be proportioned 

according to: 

 
 𝑛 ≥

  
𝜙

 
(28) 

where: 𝜙 is the strength reduction factor for shear-controlled elements and    is the factored 

shear demand defined according to Clause 12.5.3.2 of ACI 318-19 (2019). The strength reduc-

tion factor for shear is typically taken as 0.75, although it is equal to 0.60 when the provisions 

of ACI 318-19 Clause 21.2.4.1 are applicable. Further research is recommended to determine 

a specific strength reduction factor for shear-controlled elements strengthened with FRP.  

The approach used to determine the nominal strength for diaphragm design relies on 

the type of model used to analyze the internal force distribution (CRSI 2019). The most com-

monly used approach is to represent the diaphragm using a beam analogy (Dhakal et al. 2022). 

In this approach, the load path is idealized such that a uniform shear flow is assumed over the 

diaphragm depth, 𝑑𝑓𝑣. The diaphragm design requirements given in ACI 318-19 Clause 12.5.2 

through 12.5.4 are based on the beam analogy. However, ACI 318-19 Clause 12.5.1.3(b-d) 

allows for the use of alternative approaches, such as strut-and-tie and finite element analysis. 

The discussion that follows applies when determining the nominal shear strength of 

diaphragms strengthened with FRP when the internal force distribution is analyzed using the 

beam model. 
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The nominal shear strength  𝑛 of a reinforced concrete diaphragm strengthened with 

externally bonded FRP is determined by Section 11.2 of ACI PRC-440.2R-17: 

  𝑛   𝑐 +  𝑠 + 𝜓𝑓 𝑓 (29) 

where:  𝑐,  𝑠, and  𝑓 are the concrete, reinforcing steel, and externally bonded FRP contribu-

tions to shear strength, respectively, and 𝜓𝑓 is an additional reduction factor for FRP shear 

reinforcement intended to account for uncertainty inherent to FRP systems (ACI 2017).  

The reduction factor 𝜓𝑓 in Eq. (29) was developed based on a quasi-reliability calibra-

tion intended to provide an additional margin of safety depending on how the FRP is being 

applied to the element being strengthened (ACI 2017). Insufficient experimental data exists to 

perform a reliability analysis for one-sided diaphragm shear strengthening. However, more 

variability in performance can reasonably be expected for one-sided strengthening than fully 

wrapped, three sides U-wrapped, or two-opposite sides strengthening schemes. In the absence 

of further research, a reduction factor of 𝜓𝑓  0.75 is recommended for diaphragms strength-

ened with FRP on one-side. This value was obtained by extrapolating values for completely 

wrapped members and members wrapped on two sides from Table 11.3 of ACI PRC-440.2R-

17. 

For a reinforced concrete diaphragm, the nominal shear strength provided by concrete 

and steel reinforcement,  𝑐 +  𝑠, should be computed according to Clause 12.5.3.3 of ACI 318-

19: 

  𝑐 +  𝑠  𝐴𝑐𝑣(2𝜆√𝑓𝑐′ + 𝜌𝑡𝑓𝑦) (30) 

where: 𝐴𝑐𝑣 is the cross-sectional area at the section of interest (equal to the diaphragm depth 

𝑑𝑐𝑣 minus the depth of any slab penetrations times the slab thickness ℎ), 𝜆 is the modification 

factor that accounts for the reduced mechanical properties of lightweight concrete, 𝑓𝑐
′ is the 

compressive strength of concrete, and 𝜌𝑡 is the ratio of distributed slab transverse reinforce-

ment to gross concrete area of reinforcement oriented parallel to the in-plane shear. 
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6.5.2 Effective Strain in One-side Bonded Face Plies Applied to Concrete Diaphragms 

The effective tensile stress 𝑓𝑓𝑒 in the FRP shear reinforcement at the nominal FRP shear 

strength  𝑓 is directly proportional to the strain that can be developed in the composite: 

 𝑓𝑓𝑒  𝜀𝑓𝑒𝐸𝑓 (31) 

where: 𝜀𝑓𝑒 is the effective design strain and 𝐸𝑓 is the tensile modulus of elasticity of FRP. 

Diaphragm shear strengthening is considered a bond-critical application. This study 

revealed that the widespread cracks that propagate throughout the field of the diaphragm tend 

to precipitate intermediate crack debonding failures of the externally bonded composites. 

Therefore, the effective design strain 𝜀𝑓𝑒 anticipated in diaphragm strengthening applications 

will be lower than the rupture strain 𝜀𝑓  of the composite. According to ACI PRC-440.2R 

(2017) guidelines, the effective strain 𝜀𝑓𝑒 for FRP shear strengthening should be calculated 

using a bond-reduction coefficient 𝜅𝑣 given below: 

 𝜀𝑓𝑒  𝜅𝑣𝜀𝑓 ≤ 0.004 (32) 

where: 

 
𝜅𝑣  

𝑘1𝑘2 𝑒
468𝜀𝑓 

≤ 0.75 

 

(33) 
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(34) 
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𝑘2  

{
 
 

 
 
𝑑𝑓𝑣 −  𝑒

𝑑𝑓𝑣
 for U − wraps                

𝑑𝑓𝑣 − 2 𝑒

𝑑𝑓𝑣
 for two sides bonded

 

 

(36) 

The bond-reduction coefficient approach, presented in Equations (32)-(36), was devel-

oped by Khalifa et al. (1998) based on a database of mainly U-wrapped and two-sides bonded 

shear strengthened members, many of which were unusually shallow. Specifically, the 
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coefficient 𝑘2 was developed to account for the effect of bonded surface configuration. The 

significance of 𝑘2 is to account for the reduction in shear capacity of the FRP sheet due to the 

need to develop shear stresses at the strip termination points. Figure 6.5 illustrates how the 

effective width of FRP, 𝑤𝑓𝑒  𝑑𝑓 − 2 𝑒, is reduced to account for the active bond length  𝑒 

extending past the crack over which most of the bond stresses are developed. 

 
Figure 6.5. Definition of the Effective Width of an FRP Sheet Bonded on Two Sides of a 

Beam (from Khalifa et al. 1998). 
 

Most beams and columns have geometric depths 𝑑 that are only a few orders larger 

than the active bond length  𝑒 of the FRP, which is approximately 6 in. or less. Consequently, 

the expected range of 𝑘2 from Eq. (36) for beams and columns is typically less than 1.0. How-

ever, in the majority of buildings, the typical values of diaphragm depth 𝑑𝑐𝑣 are on the order 

of tens of feet, which is many times larger than  𝑒. As a result, when Eq. (I) is applied to 

diaphragms, it will lead to 𝑘2 approaching 1.0. 

Therefore, for the case of one-sided bonded face plies used for shear strengthening of 

diaphragms, it is recommended that 𝑘2  1.0 be used with the bond-reduction coefficient ap-

proach of Section 11.4.1.2 of ACI PRC-440.2R-17. 

A statistical analysis was conducted to assess the adequacy of using the bond-reduction 

approach 𝜅𝑣𝜀𝑓  given in Eq. (32) with 𝑘2  1.0 for determining the design strain 𝜀𝑓𝑒 of FRP 

strengthened diaphragms. The analysis was performed by comparing the design strain 𝜀𝑓𝑒 for 

specimens CD2 through CD6 with 𝑘2  1.0  against the estimated strains 𝜀𝑓,𝑒   established in 

Section 5.4.1. Table 6.1 shows the results of the analysis. The average design-to-estimated 

strain ratio, 𝜀𝑓𝑒 𝜀𝑓,𝑒  ⁄ , was 0.82 with a coefficient of variance of 13% based on the 5 strength-

ened diaphragm tests of this study. The results indicate that using the bond-reduction proce-

dure proposed by Khalifa et al. (1998) with the recommended value of 𝑘2  1.0 to determine 
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the debonding strain of FRP retrofitting diaphragms is sufficiently conservative for the average 

of all cases considered. However, more research is recommended on the effective strain of 

FRP diaphragm shear strengthening, encompassing a broader range of retrofit configurations, 

including higher density fabrics of 40 oz/yd2 commonly used in full-scale applications. 

Table 6.1. Summary of Effective FRP Design Strain Calculations. 

Test 

Active 

Bond 

Length 

𝑳𝒆 (in.) 

Concrete 

Modifi-

cation 

Factor, 

𝒌𝟏 

Retrofit 

Modification 

Factor, 𝒌𝟐 

for dia-

phragm 

strengthen-

ing 

FRP 

Rup-

ture 

Strain, 

𝜺𝒇𝒖 (%) 

Bond 

Coeffi-

cient for 

Shear, 

𝜿𝒗 

Design 

Strain, 

𝜺𝒇𝒆  

𝜿𝒗𝜺𝒇𝒖 

(%) 

Estimated 

FRP 

bonding 

strain 

𝜺𝒇,𝒆𝒙𝒑 (%) 

𝜺𝒇𝒆

𝜺𝒇,𝒆𝒙𝒑
 

CD2 1.56 1.09 1.0 1.3 0.27 0.37 0.48 0.77 

CD3 1.74 0.94 1.0 1 0.34 0.35 0.47 0.75 

CD4 2.19 0.94 1.0 1.8 0.23 0.44 0.44 1.00 

CD5 1.15 0.99 1.0 1.27 0.19 0.24 0.32 0.75 

CD6 1.56 1.08 1.0 1.3 0.27 0.36 0.42 0.86 

       Average 0.82 

       COV 13% 

 

In certain diaphragm strengthening applications, it may be necessary to further limit 

the effective FRP design strain 𝜀𝑓𝑒, to ensure force-controlled diaphragm behavior. While di-

aphragms are allowed to be analyzed as deformation-controlled according to ASCE 7-22, it 

may be necessary to ensure force-controlled behavior for diaphragms that are especially sus-

ceptible to brittle failure. This is particularly relevant for existing buildings constructed using 

Grade 40 reinforcing steel, along with other deficiencies (Dhakal et al. 2022). One of the con-

cerns is that, when subjected to a lateral load event at the design level, the yielding of low-

grade reinforcing steel at relatively low load levels may result in an extensive network of wide 

diaphragm cracks. This, in turn, is likely to increase the potential for FRP debonding due to 

the formation of stress concentrations in the composite at locations of intermediate cracks. 

Limiting the effective FRP design strain may also help prevent the loss of aggregate interlock 

necessary for concrete to contribute to shear strength  𝑐 (Dhakal et al. 2022).  

Therefore, when concerns regarding the capacity of the underlying reinforced concrete 

substrate are present, it is recommended that the effective design strain in FRP reinforcement 

be further limited to prevent yielding of reinforcing steel: 



 

107 

 
𝜀𝑓𝑒  𝜅𝑣𝜀𝑓 ≤

𝑓𝑦

𝐸𝑠
 

(37) 

where: 𝑓𝑦 and 𝐸𝑠 are yield strength and modulus of elasticity of diaphragm reinforcing steel. 

The purpose of introducing the additional FRP design strain limitation in Eq. (37) is to main-

tain force-controlled diaphragm behavior in cases where the underlying substrate is particu-

larly brittle, by ensuring that the FRP achieves its design stress concurrently with the yielding 

of reinforcing steel. 

6.5.3 FRP Contribution to Shear Strength 𝑽𝒇 

For design purposes, it is recommended to only consider the shear contribution of ex-

ternally bonded FRP that is oriented parallel to the direction of applied shear. That is, FRP 

strips are inclined at an angle 𝛼  90° relative to the longitudinal member axis. FRP placed 

perpendicular to the direction of applied shear (𝛼  0°) can be conservatively ignored. This 

recommendation is consistent with the diaphragm design provisions in ACI 318 (2019) which 

neglect the contribution of reinforcing steel not parallel to the applied shear. Therefore, for 

design purposes, it is conservatively recommended to consider the shear strength contribution 

of externally bonded FRP  𝑓 only when it is applied parallel to the direction of the applied 

shear force. For these cases, 𝑓 can be established according to: 

 
 𝑓  

𝐴𝑓𝑣𝑓𝑓𝑒𝑑𝑓𝑣

𝑠𝑓
 

(38) 

where: 𝐴𝑓𝑣 is the cross-sectional area of composite fabric applied at center-to-center spacing 

𝑠𝑓. The cross-sectional area of fabric 𝐴𝑓𝑣 can be taken as the width of the fabric strip 𝑤𝑓 times 

the thickness of the composite 𝑡𝑓. If continuous strips are used, the width of the sheet 𝑤𝑓 should 

be set equal to the spacing 𝑠𝑓. 

In certain applications, it may be necessary to consider the contribution of FRP placed 

perpendicular to the direction of applied shear (𝛼  0°). However, as was discussed in Section 

6.4, perpendicular strengthening of specimen CD5 was only about 75% as effective as the 

nominally identical parallel strengthening applied to specimen CD3. This disparity could be 

attributed to the perpendicular FRP being less effective at restraining shear cracks, as well as 
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presence of shear-bending interaction which may have decreased the debonding failure load 

of the FRP.  

The contribution of FRP shear reinforcement inclined at an angle 𝛼 to the longitudinal 

member axis can be establishing using ACI PRC-440.2R (2017) Eq. 11.4a, given in Eq. (39) 

below:  

 
 𝑓  

𝐴𝑓𝑣𝑓𝑓𝑒𝑑𝑓𝑣

𝑠𝑓
(𝑠𝑖𝑛𝛼 + 𝑐𝑜𝑠𝛼) 

(39) 

 

In order to examine the validity of Eq. (39), the experimental shear strength provided 

by FRP  𝑓,𝑒   (see Section 5.3.3) was compared to the nominal design shear strength of FRP 

 𝑓. This comparison is summarized in Figure 6.6 which includes a ratio of  𝑓  𝑓,𝑒  . The 

average value of this ratio was 0.80 with a coefficient of variation (COV) of 14%. The design 

FRP shear strength contribution from Eq. (39) follows a similar trend as the corresponding 

experimental data and tends to give conservative results.  

 
Figure 6.6. Comparison of Design and Experimental FRP Shear Strength Contribution. 

 

It is important to acknowledge a potential issue associated with Eq. (39) for calculating 

the FRP shear strength contribution for strips oriented perpendicular to the direction of applied 

shear (𝛼  0°). The expression in Eq. (39) can be traced back to Eq. (40), which was originally 
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developed for reinforcing steel inclined to the longitudinal member axis using the truss analogy 

shown in Figure 6.5. Eq. (39) was derived from Eq. (40) by first assuming concrete cracks 

occur at an angle 𝜃  45° and then simplifying the trigonometric terms. 

 
 𝑓  

𝐴𝑓𝑣𝑓𝑓𝑒𝑑𝑓𝑣

𝑠𝑓
𝑠𝑖𝑛𝛼(cot 𝜃 + cot 𝛼) 

(40) 

 

 
Figure 6.7. Truss Model for a Beam with Inclined Stirrups (from Pincheira et al. 2018). 

 

A substantial body of work obtained from beam and column tests has substantiated the 

use of Eq. (39) and Eq. (40) for FRP strips oriented at approximately 𝛼 ≈ 45° to the longitu-

dinal member axis (e.g., Monti et al. 2005). However, very little data is available that examines 

the validity of these expressions for FRP placed perpendicular to the direction of applied shear. 

From Figure 6.7, it can be seen that these expressions necessitate equilibrium of the truss in 

the transverse direction. However, this can only be satisfied for non-zero angles of the inclined 

reinforcement. When the reinforcement inclination 𝛼 is equal to 0°, the truss analogy shown 

in Figure 2 becomes invalid, and the trigonometric term 𝑠𝑖𝑛𝛼(cot 𝜃 + cot 𝛼) in Eq. (40) yields 

a divide by zero mathematical error. Although this error does not occur in Eq. (39) due to the 

trigonometric simplification, the truss analogy is still violated by the simplified expression 

commonly used in design. 

Therefore, for designs considering unidirectional FRP strips placed perpendicular to 

the direction of applied shear, Eq. (39) and Eq. (40) may not be suitable, as they were intended 

for strengthening where the reinforcement inclination 𝛼 ≥ 45°. Until more research becomes 

available, designers should use more refined methods of analysis for considering the shear 

strength contribution of unidirectional FRP placed perpendicular to the direction of applied 

shear. 
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6.5.4 Validity of the Expression for Design Nominal Strength 𝑽𝒏 

The results of the six diaphragm tests were used to assess the validity of the design 

nominal shear strength  𝑛 of FRP strengthened diaphragms calculated using Eq. (29). The 

values of  𝑛 for the specimens were computed using: (i) the nominal material properties, ge-

ometry and reinforcing details from Chapter 3; (ii) ( 𝑐 +  𝑠) computed using Eq. (30); (iii) the 

nominal shear strength of FRP  𝑓 using 𝜀𝑓𝑒 in Eq. (31) with 𝑘2  1.0; and, (iv) taking the 

reduction factor 𝜓𝑓  0.75. 

Figure 6.8 presents a comparison between the design and experimental nominal shear 

strengths. The results indicate that the proposed design approach tends to be conservative, 

underestimating the actual shear strength observed during the experiments. The average ratio 

of  𝑛  𝑛,𝑒  ⁄  0.78 with a 𝐶𝑂  4%. Although these results are promising, more experi-

mental tests are required to make definitive conclusions regarding the validity of this approach. 

The expanded dataset should encompass a wider range of retrofit schemes, concrete strengths, 

and diaphragm configurations. It is also important to consider that the experimental strengths 

are based on cyclic testing which has been found to reduce the in-plane capacity of diaphragms 

by up to 25% (Nakashima et al. 1981). While cyclic testing is most appropriate for seismic 

applications, monotonic testing may result in larger in-plane diaphragm capacity.  

 
Figure 6.8. Comparison of Design and Experimental Nominal Diaphragm Shear Strengths. 
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6.5.5 Anchorage of Bonded FRP 

Designers often feel more comfortable with FRP diaphragm strengthening when sup-

plemental mechanical anchorages are provided (Dhakal et al. 2022). The purpose of these an-

chorage is not to increase the effective design strain of FRP retrofit system. Instead, they are 

provided to promote more favorable bond conditions and offer an additional margin of safety 

against debonding failures.  

To promote favorable development of composite forces into concrete, mechanical an-

chorage should be provided at all FRP termination points or at the diaphragm shear span 𝑑𝑓𝑐, 

whichever is less. These end anchorages should be designed to develop the full tensile capacity 

of the anchored sheets. If FRP anchors are used, the diameter of the anchors should be sized 

to develop at least 1.5 times the tensile capacity of the anchored fabric. Manufacturer specific 

requirements for anchor proportioning and installation should be followed. 

In certain applications, intermediate FRP anchorages may be provided to promote fa-

vorable bond conditions in the field of the diaphragm between diagonal shear cracks. However, 

to prevent brittle diaphragm behavior, these intermediate anchorages should not be designed 

to develop the tensile capacity of anchored fabric. This recommendation is based on the results 

of specimen CD3, which demonstrated that using overstrength intermediate anchors resulted 

in a localized diaphragm failure between anchor locations that reduced global diaphragm duc-

tility. Therefore, it is recommended that the intermediate FRP anchors should be designed to 

fail prior to the end FRP anchors. In the absence of further research, the intermediate FRP 

anchor diameter should be proportioned based on a factor of 0.5 times the area required to 

develop the tensile capacity of the FRP sheet being anchored. Although further research is 

required to determine acceptable intermediate anchor spacings, it is recommended that anchors 

be spaced no more than 9 ft apart. This recommendation is based on the approximate distance 

between the end anchors of each retrofitted specimen.  

6.5.6 Clear Spacing of FRP Strips 

The installation of FRP, either continuously along the diaphragm or in the form of 

discrete strips, was found to be effective strategies for shear strengthening. However, as de-

scribed in Section 6.2, it was observed that the behavior of strengthened diaphragms was 
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negatively impacted when the clear spacing of discrete strips exceeded approximately three 

times the thickness of the diaphragm.  

For the case of FRP strengthened diaphragms, it is recommended that the maximum 

clear spacing between FRP shear strips should be limited to the minimum of three times the 

thickness of the slab, or 18 in. The maximum clear spacing of 18 in. is recommended in ab-

sence of further research. Similar recommendations can also be found in IAPMO EC038 

(2019) and Clause 13.7.3.1 in ACI PRC-440.2R (2017) which is intended for FRP strength-

ened shear walls. 

6.5.7 Composite Material Selection 

In practice, the majority of diaphragm shear strengthening applications use CFRP due 

to the high strength and stiffness of carbon fibers (Dhakal et al. 2022). However, the results of 

this study indicated that there was no significant difference in performance between diaphragm 

strengthened with GFRP and CFRP composites up to the ultimate limit state, as long the as the 

retrofits are proportioned to have levels of composite rigidity, 𝜌𝑓𝐸𝑓. However, other factors, 

such as constructability, serviceability, and cost, may play a crucial role in making the appro-

priate choice between the two types of composites for a given retrofit application.  

6.5.8 Reinforcement Limits 

To prevent crushing of concrete struts in shear, the nominal diaphragm shear strength 

 𝑛 cannot exceed the maximum nominal shear strength  𝑛,𝑚𝑎  determined by ACI 318-19 

Clause 12.5.3.4: 

  𝑛,𝑚𝑎  8√𝑓𝑐
′𝐴𝑐𝑣 (41) 

 

The applicability of this limit was assessed against the diaphragm tests results. The 

results of this analysis are shown in Figure 6.9. The contribution of the perimeter beams to 

shear strength  𝑓𝑟𝑎𝑚𝑒 was subtracted from the ultimate strength of the tests,   ,𝑒  , then nor-

malized with respect to 𝐴𝑐𝑣√𝑓𝑐′. The results show that while the nominal shear strength of 

specimens CD3 and CD4 exceeded  𝑛,𝑚𝑎 , neither experienced a diagonal crushing failure. 
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Therefore, limiting  𝑛,𝑚𝑎  to √𝑓𝑐
′𝐴𝑐𝑣 is believed to be appropriate for the design of FRP 

strengthened diaphragms.  

 
 

Figure 6.9. Comparison of the Ultimate normalized Diaphragm Strength Against the ACI 

318-19 Diagonal Crushing Shear Limit. 

 

 

4

5

6

7

8

9

10

0 20 40 60 80
Experimental FRP Shear Strength Vf,exp (kips)

CD4

CD2

CD6

CD3

CD5

ACI 318-19 Limit on Diaphragm Strength 
U

lt
im

at
e 

N
o

rm
al

iz
ed

 
St

re
n

gt
h

CD1



 

114 

Chapter 7. Conclusions 

7.1. Summary of Research 

This thesis summarizes results from an experimental study focused on the in-plane 

shear behavior of reinforced concrete diaphragms strengthened with FRP. A clear lack of data 

and industry need for design guidance motivated this study. Six half-scale diaphragms were 

tested to understand how externally bonded FRP improved the strength, ductility, and energy 

dissipation of the specimens. The results demonstrated that externally bonded FRP retrofitting 

improved both the shear strength and stiffness of the strengthened test specimens. The results 

also highlighted that the overall behavior of the specimens was influenced by the way the FRP 

retrofit schemes were proportioned and detailed. The impact of various test variables including 

spacing, anchorage, and orientation were analyzed to develop design recommendations and 

evaluate existing design provisions in ACI PRC-440.2R (2017). The key findings and recom-

mendations based on this experimental study, along with recommendations for future research, 

are provided in this chapter.  

7.2. Key Findings 

From the experimental study on the behavior of reinforced concrete diaphragms 

strengthened with FRP, it was concluded that:  

1. The strength of the reinforced concrete cantilever diaphragm test specimens 

was the sum of the shear strength contribution of concrete, reinforcing steel, 

and externally bonded FRP, as well as the additional strength provided by frame 

action of the perimeter beams. 

2. Externally bonded FRP retrofits provided additional capacity that enhanced 

both the strength and stiffness of strengthened diaphragms. 

3. In retrofit schemes proportioned to maintain a constant total ply stiffness, the 

peak strength of retrofitted diaphragms was approximately 1.38 times greater 

than that of the unstrengthened control specimen. 
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4. The unstrengthened control specimen experienced a diagonal tension shear fail-

ure. The FRP strengthened specimens all exhibited an FRP debonding failure, 

which was initiated by intermediate shear cracks occurring within the field of 

the diaphragm. 

5. Complete debonding of externally bonded FRP consistently occurred after the 

yielding of the internal diaphragm steel reinforcement. 

6. The retrofit surface coverage affected the shear strength contribution of exter-

nally bonded FRP,  𝑓,𝑒  . Higher surface coverages of externally bonded FRP 

were found to result in superior diaphragm performance than lower surface 

coverages of narrow strips of high-density fabric. This was attributed to im-

proved control of shear cracks from more uniform surface coverage within the 

diaphragm field. For example, FRP retrofits designed with a surface coverage 

ranging from 57% to 100% demonstrated similar values of  𝑓,𝑒  , approxi-

mately 80 kips, along with similar estimated debonding strains, 𝜀𝑓,𝑒  , of 

0.46%. However, retrofits with a surface coverage of 33% performed less ef-

fectively, yielding a lower value of  𝑓,𝑒  , approximately 48 kips, and an esti-

mated debonding strain, 𝜀𝑓,𝑒  , of 0.32%. 

7. No significant difference in performance was observed between diaphragms 

strengthened with GFRP and CFRP composites, indicating either type of fabric 

may be suitable, as long as the retrofits were proportioned to achieve compara-

ble levels of composite stiffness and had a surface coverage exceeding 57%. 

8. Although unanchored FRP retrofits were not specifically tested in this study, it 

was believed that the presence of end anchors, designed to satisfy a factor of 

1.5 times the area required to develop the tensile capacity of the FRP sheet 

being anchored, would promote favorable bond conditions during the dia-

phragm tests. 

9. The use of intermediate FRP anchors, designed to satisfy a factor of 1.5 times 

the area required to develop the tensile capacity of the FRP sheet being 
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anchored, did not significantly impact the shear strength contribution of exter-

nally bonded FRP,  𝑓,𝑒  , or the estimated debonding strain of the composite, 

𝜀𝑓,𝑒  . 

10. However, the one test with intermediate overstrength anchorages led to local-

ized failures that concentrated inelastic diaphragm response between anchor 

locations, resulting in a significant reduction in diaphragm deformation capac-

ity. 

11. The secant stiffness of FRP strengthened diaphragms up to their peak strength, 

𝐾𝑆𝑃𝑒𝑎𝑘, was observed to increase proportionally with the shear strength contri-

bution of externally bonded FRP,  𝑓,𝑒  . 

12. The application of FRP parallel to the direction of applied shear was identified 

as the most effective approach in terms of achieving the highest increases in the 

shear strength contribution of FRP,  𝑓,𝑒  . 

13. The application of FRP perpendicular to the applied shear was less effective 

than parallel retrofitting, but still contributed to enhancing the diaphragm shear 

strength. The FRP contribution to shear strength,  𝑓,𝑒  , of perpendicular retro-

fits was approximately 75% as effective as similar diaphragms strengthened 

with parallel retrofitting. 

14. Parallel retrofitting did not substantially enhance the deformation at peak load 

of the diaphragms compared to the unretrofitted control. However, with excep-

tion of Specimen CD3, parallel retrofitting did not significantly reduce dia-

phragm deformability compared with the control specimen.  

15. Perpendicular retrofitting increased the ductility of reinforced concrete dia-

phragms by a factor of 1.29. This was attributed to enhancements in flexural 

behavior. 

16. The energy dissipation of reinforced concrete diaphragms was not increased by 

FRP strengthening.  



 

117 

17. Analytical methods based on the Modified Compression Field Theory (MCFT) 

and considering frame action of the perimeter beams were found to provide 

reasonable predictions of the peak strength of the unretrofitted concrete dia-

phragm. 

18. When the debonding strain of retrofitted diaphragms is known, the shear 

strength contribution of externally bonded FRP applied parallel to the direction 

of applied shear can be reasonably predicted using design equations provided 

in ACI PRC-440.2R-17 (2017). 

19. Taking a value of 𝑘2  1.0 for one-sided diaphragm strengthening, the expres-

sion for effective design strain, 𝜀𝑓𝑒  𝜅𝑣𝜀𝑓 , in Chapter 11 of ACI PRC-

440.2R-17 (2017) was found to conservatively underpredict the experimental 

debonding strains observed during the diaphragm tests by an average of 18%.  

20. Chapter 6.5 of this thesis proposed an approach for establishing the nominal 

design shear strength of reinforced concrete diaphragms strengthened with 

FRP,  𝑛. This approach was found to conservatively underpredict the nominal 

experimental shear strength observed by an average of 22%. 

7.3. Design Recommendations 

Design recommendations were prepared based on the analysis and discussion of results 

presented in Chapter 5 and Chapter 6. The recommendations incorporated key findings from 

this research and validate certain existing provisions within ACI PRC-440.2R-17 (2017). The 

following design recommendations are suggested for shear strengthening reinforced concrete 

diaphragms with externally bonded FRP:  

1. The current practice for diaphragm retrofit design lacks specific guidance and 

often relies on two separate reduction factors applied to  𝑓. Designers typically 

use a value of 𝜓𝑓  0.85 for both three-sided and two-sided wrapped members 

and apply an additional reduction factor of 0.75 is applied to  𝑓, originally in-

tended for shear wall strength applications. To simplify the design process and 
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minimize potential confusion, it is recommend introducing that a single reduc-

tion factor 𝜓𝑓 for one-sided diaphragm strengthening applications, eliminating 

the need for any further reduction factors. 

2. The required shear contribution of externally bonded FRP can be calculated 

with Equation (42): 

 
 𝑓 ≥

1

𝛹𝑓
(
  
ϕ
−  𝑐 −  𝑠) 

(42) 

 where:  𝑓 is the nominal shear strength provided by FRP; 𝛹𝑓 is the FRP strength 

reduction factor that accounts for bond reliability;    is the factored shear demand 

of the diaphragm;  𝑐 is the nominal shear strength provided by concrete;  𝑠 is the 

nominal shear strength provided by reinforcing steel; and, ϕ is the shear strength 

reduction factor of 0.75 for shear-controlled elements in ACI 318 (2019). 

3. In absence of further research, the FRP strength reduction factor, 𝛹𝑓, is recom-

mended to be taken as 0.75 for diaphragms strengthened on one side only. This 

value was obtained by extrapolating values for completely wrapped and mem-

bers wrapped on two sides from Table 11.3 of ACI 440.2R-17 (2017). 

4. The nominal shear strength contribution of externally bonded FRP,  𝑓, applied 

parallel to the direction of applied shear can be determined with Equation (43): 

 
 𝑓  

𝐴𝑓𝑣𝑓𝑓𝑒𝑑𝑓𝑣

𝑠𝑓
 

(43) 

 where:  𝑓 is the nominal shear strength provided by FRP (lbs); 𝐴𝑓𝑣 is the area of 

FRP shear reinforcement (in.2); 𝑓𝑓𝑒 is the effective stress in FRP (psi); 𝑑𝑓𝑣 is the 

effective depth of FRP shear reinforcement (in.); 𝑠𝑓 is the center-to-center spacing 

of FRP strips (in.); and 𝛹𝛼 is the FRP orientation factor.  

5. The shear strength contribution of externally bonded FRP applied perpendicu-

lar to the direction of applied shear can be conservatively ignored. This recom-

mendation is consistent with diaphragm design provisions in ACI 318-19 
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(2019) which neglect the contribution of reinforcing steel not parallel to the 

applied shear. 

6. The effective FRP design strain may be established with Equation 11.4.1.2 of 

ACI PRC-440.2R-17 (2017), with the exception that the retrofit scheme modi-

fication factor, 𝑘2, be taken as 1.0 for one-sided diaphragm strengthening. 

7. At a minimum, mechanical anchorage should be provided to promote favorable 

development of composite forces into concrete at the ends of the FRP laminates 

or at the effective depth of the FRP reinforcement, 𝑑𝑓𝑣, whichever is less. These 

end anchorages should be designed to develop the full tensile capacity of the 

anchored sheets. If FRP anchors are used, the diameter of the anchors should 

be sized to satisfy a factor of 1.5 times the area required to develop the tensile 

capacity of the FRP sheet being anchored. Manufacturer specific design re-

quirements for anchors should be followed. 

8. The following recommendations relate to the use of intermediate anchors: 

a. Intermediate anchorage is recommended to mitigate intermediate crack induced 

debonding in the field of typical large span diaphragms.  

b. However, to prevent brittle diaphragm response, intermediate anchors should 

not be designed to develop the full tensile capacity of anchored fabric. FRP 

anchors should be designed to fail after debonding of the FRP sheet but before 

failure of the end anchors. 

c. In the absence of further research, intermediate FRP anchors should designed 

to satisfy a factor of 0.5 times the area required to develop the tensile strength 

of the FRP sheet being anchored. 

d. In the absence of further research, intermediate FRP anchors should be spaced 

no more than 9 ft apart. 

9. In certain diaphragm strengthening applications, it may be necessary to limit 

the effective design strain to limit steel yielding and control the width and 
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extent of cracking. This could be done enforcing the limit presented as Equation 

(44); however, further research is required to verify the applicability of this 

limit.  

 
𝜀𝑓𝑒 ≤

𝑓𝑦

𝐸𝑠
 

(44) 

 where: 𝜀𝑓𝑒 is the effective FRP design strain (in./in.); 𝑓𝑦 is the yield strength of 

reinforcing steel (psi); and 𝐸𝑠 is the modulus of elasticity of reinforcing steel 

(psi).  

10. The total quantity of steel and FRP reinforcement should be limited to prevent 

crushing of concrete struts in shear. The limit proposed by ACI PRC-440.2R-

17 is presented as Equation (45) and seems to be appropriate for design.  

  𝑠 +  𝑓 ≤ 8√𝑓𝑐′ 𝑏𝑤𝑑 (45) 

 where:  𝑠 is the nominal shear strength provided by steel (lbs);  𝑓 is the nominal 

shear strength provided by FRP (lbs); 𝑓𝑐′  is the compressive strength of concrete 

(psi); 𝑏𝑤 is the web width (in.); and 𝑑 is the distance from the extreme compres-

sion fiber to the centroid of the tension reinforcement (in.). 

11. For externally bonded FRP reinforcement in the form of discrete strips with 

defined widths, the clear spacing between strips should not exceed three times 

the diaphragm thickness, 3𝑡𝑐. This is intended to limit crack widths between 

strips which may degrade bond performance. 

7.4. Suggestions for Future Research 

This research initiative was limited to strengthening reinforced concrete diaphragms 

with single ply externally bonded FRP retrofits oriented in one direction and anchored with 

FRP splay anchors. While this focus helped form design recommendations intended to further 

develop the existing design provisions within ACI PRC-440.2R (2017), additional research is 

needed to address topics not included in this study. It is also important to note that the tested 

specimens were relatively small and included large proportions of reinforcing steel in 
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comparison to existing diaphragms encountered in practice. The following topics are sug-

gested for future research: 

1. Testing of reinforced concrete diaphragms strengthened with FRP and con-

structed using A615 deformed reinforcement to produce a ratio of  𝑓  𝑠⁄ > 2.0.  

2. Testing of reinforced concrete diaphragms strengthened with multiple layered 

plies of FRP.  

3. Testing of reinforced concrete diaphragms strengthened with an orthogonal 

grid of FRP, as well as FRP oriented at an angle to the direction of applied 

shear.  

4. Testing of alternative anchoring techniques, such as techniques based on 

bonded steel plates bolted to concrete, as well as alternative FRP anchor design 

methodologies.  

5. A computational study on the effect of limiting the effective FRP debonding 

strain to the internal steel reinforcement strain on diaphragm response. 

6. A computational study on the effect of under-designing intermediate anchor-

ages on the bond behavior and global performance of FRP strengthened dia-

phragms. 

7. Research on the potential shear lag mechanics related to the bond of the FRP 

composite and concrete.  
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Appendix A. Specimen Details 
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Appendix B. Design of Testing Setup 
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Appendix C. Reaction Truss Details 
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Appendix D. Design of Reaction Truss 
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Appendix E. String Potentiometer Locations 

The distances between the mounting points of each string potentiometer were measured 

and recorded prior to each test to calculate the local and global shear angles.  Figure E1 shows 

the labeling system used to record each measurement. The recorded distances for each test are 

provided in Table E1.  

 
Figure E1. String Potentiometer Location Legend. 

 

Table E1. Distance Between String Potentiometers. 

Specimen 𝐀𝟎 (in.) 𝐁𝟎  (in.) 𝐂𝟎 (in.) 𝐃𝟎 (in.) 𝐄𝟎 (in.) 𝐅𝟎 (in.) 𝐀 (in.) 𝐁 (in.) 

CD1 77.25 98 125.25 77 97.25 123.5 101.5 114.5 

CD2 76.5 96.625 125 76.3125 97.8125 122.25 90 114.625 

CD3 76.25 97.125 122.875 76.75 95.5 123.5 101.875 115.5 

CD4 76.5 95.5 122.75 76.75 96.125 122.875 101.5 115 

CD5 73.75 97.625 122.625 73.0625 98.75 122.625 102.75 114.125 

CD6 76.25 97.375 121.375 73.25 97.375 123.625 100.125 115.25 
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Appendix F. Reaction Truss Forces 

The averaged strain values for each instrumented truss member were multiplied by an 

elastic modulus of 29000 ksi to obtain an average stress. The average stress values were then 

multiplied by the nominal area of each respective truss member to obtain an average force. To 

check the design and force transfer of the reaction truss, the average experimental force values 

are compared to the expected design forces for Specimen CD1. The forces for sections a-a and 

b-b are compared in Figure F1(a), and the forces for sections c-c and d-d are compared in 

Figure F1(b). Additionally, Figure F1(c) provides the labeling system used for the truss mem-

bers. It was concluded that the average experimental force values generally agree with the 

design values with no more than 25% variance.  

 
Figure F1. Reaction Truss Force Analysis: (a) Average Experimental Forces Versus Design 

Forces for Sections a-a and b-b; (b) Average Experimental Forces Versus Design Forces for 

Sections c-c and d-d; and (c) Reaction Truss Legend. 

(a) (b) 

(c) 
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Appendix G. Formwork Details 
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Appendix H. FRP Technical Data Sheets 
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Appendix I. Crack Maps 
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Appendix J. Shear Angle Corrections 

Due to string potentiometers SP-TN and SP-TS being mounted to the reaction truss 

during the testing of Specimen CD1, the associated displacements of these sensors used to 

calculate the global shear angle were imperfect. The reaction truss was not perfectly rigid dur-

ing testing; therefore, the instruments did not capture the entire out-of-plane displacement 

measurements of the shear wall. To account for this issue, the shear wall rotations of Speci-

mens CD1, CD3, and CD4 were calculated using Eq. (46). These rotations were compared, 

and a linear line was best fit to each shown in Figure J1(a).  

 
𝛾𝑤𝑎𝑙𝑙  

∆𝑇𝑁 − ∆𝑇𝑆

 
 

 

(46) 

where: 𝛾𝑤𝑎𝑙𝑙 is the rotation of the shear wall; ∆𝑇𝑁 is the recorded displacement from sensor 

SP-TN; ∆𝑇𝑆 is the recorded displacement from sensor SP-TS; and   is the distance between 

sensors SP-TN and SP-TS. 

The slope of each best-fit line was then determined and used in Eq. (47) to correct the 

global shear angle of Specimen CD1. The average slope of the lines corresponding to Speci-

mens CD3 and CD4 were thought to be accurate because SP-TN and SP-TS were fixed to the 

ground during testing. Figure J1(b) compares the uncorrected and corrected global shear angle 

measurements for Specimen CD1.  

 
𝛾𝐶𝐷1_𝐶𝑜𝑟  𝛾𝑤𝑎𝑙𝑙 +

 

𝑘𝑎𝑣𝑔
−

 

𝑘𝐶𝐷1
 

 

(47) 

where: 𝛾𝐶𝐷1_𝐶𝑜𝑟 is the corrected global shear angle for Specimen CD1; 𝛾𝑤𝑎𝑙𝑙 is the shear wall 

rotation of Specimen CD1;   is the recorded actuator force; 𝑘𝑎𝑣𝑔 is the average slope of lines 

𝑘3 and 𝑘4 within Figure J1(a); and 𝑘𝐶𝐷1 is the slope of 𝑘1 in Figure J1(a).  
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Figure J1. Global Shear Angle Corrections for Specimen CD1: (a) Shear Wall Rotation Cali-

bration; (b) Uncorrected Versus Corrected Global Shear Angle. 

  

Furthermore, a correction to the global shear angle of Specimen CD2 was required 

because the mounting location of sensors SP-SW and SP-SE both experienced concrete spall-

ing during testing. To approximate the global shear angle of this specimen, a relationship be-

tween the displacement of these sensors and the actuator’s displacement and load had to be 

established. This relationship is shown in Figure J2(a) where a linear line is best fit to the plot. 

The slope of the best-fit line was then used in Eq. (48) to correct the global shear angle of 

Specimen CD2. Figure J2(b) compares the uncorrected and corrected global shear angle meas-

urements for Specimen CD2. 

 
𝛾𝐶𝐷2_𝐶𝑜𝑟  

∆𝑀𝑇𝑆 − (𝑘𝐶𝐷2 ∙  )

𝐴
−
∆𝑇𝑁 − ∆𝑇𝑆

 
 

 

(48) 

where: 𝛾𝐶𝐷2_𝐶𝑜𝑟 is the corrected global shear angle for Specimen CD2; ∆𝑀𝑇𝑆 is the actuator’s 

recorded displacement; 𝑘𝐶𝐷2 is the slope of line 𝑘2 in Figure J2(a);   is the recorded actuator 

force; ; ∆𝑇𝑁 is the recorded displacement from sensor SP-TN; ∆𝑇𝑆 is the recorded displace-

ment from sensor SP-TS; 𝐴 is the distance between sensors SP-SE and SP-SW; and   is the 

distance between sensors SP-TN and SP-TS. 

(a) (b) 
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Figure J2. Global Shear Angle Corrections for Specimen CD2 (a) Actuator Calibration (b) 

Uncorrected Versus Corrected Global Shear Angle. 

 

(a) (b) 


