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ANALYSIS AND DESIGN OF FRP RETROFIT OF REINFORCED CONCRETE
DIAPHRAGMS

Pratiksha Dhakal

ABSTRACT

I n a buil di ngdbsing systame(LFRE), sfruotural elements are
broadly categorized as horizontal, vertical, and foundation components. Diaphragms form
the horizontal LFRS, transmitting lateral loaflem earthquakes and wind evertts
vertical systems such as momentries and shear walls. In reinforced concrete (RC)
buildings, diaphragms often require retrofit due to renovadioren changes, new slab
penetrations, or insufficient strength, stiffness, or ductility, especially in older structures.
A promising retrofit nethod involves externally bonded fiberinforced polymers (FRP),
which offer reduced weight, ease of installation, and minimal disruption compared to
conventional solutions like overlays or slab thickening.

Despite their critical role, the behavior of -fagilt and FRPstrengthened
diaphragms remains poorly understood, resulting in inadequate treatment within current
FRP design guidelines, particularly regarding their failure modgsame shear response,
deformation limits, and realistic capacity prettios. Design guideslike ACI 440.2R
provide detailed provisions fdfRP strengtheningolumns, beams, and shear walls but
offer no diaphragnspecific guidance. As a result, practitioners often adapt shear wall and
beam data to diaphragmgotentially leadng to inaccuracieand evenunconservative

designgdue to fundamental differences in behavior.



This study aims to advance the understandingR@fdiaphragm behavior and
improve strengthening methods using externally bonded FRP through combined
experimental testing and computational modelifnite element (FE) modeling strategy
was developed and validated usiagperimental studiesn six cantiéver diaphragm
specimens. The model incorporategl nonlinear behaviorgoverning diaphragm shear
responsg including concrete cracking, stiffness degradation, crushing, reinforcement
yielding and ruptureand orthotropic FRPbehavior In addition, concrie-FRP bond
behavior was modeled using a tracfiseparation law, enabling accurate simulation of
FRP debonding and associated strength degradation. Furthermore, a novel approach
employing specialized cohesizene regions was introduced to explicitly reggntthe
ability of FRP anchors to arrest debonding

The validated FE model was then usednigestigate shear interactiobgtween
concrete, reinforcement, and FRP undeplame loading. A parametric study examined
the effects of reinforcement ratio, tedal strength, FRP orientation, stiffness, and
coverage ared he results revealed the mechanisms by which FRP enhances diaphragm
shear resistance: directly, by bridging diagonal tension cracks, and indirectly, by improving
the concrete constitutive behar through enhanced tensigtiffening of diagonal
compression struts, thus delaying concrete crushing and significantly increasing overall
shear capacity.

The numerical modeling approach was further extended by applying a density
based topology optimizian framework to the FE models. This approach allowed targeted
FRP retrofitting strategies to be developed by optimizing FRP layouts based on internal

force flow within the diaphragm, maximizing diaphragm strength while constraining total



FRP volume.To validate the topology optimized design,laagescale, threday RC
diaphragm (25 ft x 10 ft x 4 in.) containing openings to simulatewedd discontinuities
was tested under reverseykclic four-pointloading Externally bonded FRP, strategically
placedto address critical loapath disruptions, significantly enhanced the shear capacity,
informing the preliminary designapproachfor practical diaphragm retrofittingThe
optimization method was further extended to a full building floor plan, demonstitsting
potential for realistic, systeievel application®s necessary

This researchexplored the behavior dfRP strengthened RC diaphragms and
provided insights that could inforrther analysis and designvalidated FE models
accurately captured nonlineahear behaviors such as cracking, debonding, and failure
mechanismshat were used to identifsignificant interaction effects between FRP, steel
reinforcement, and concret8mply summingtheindividual contributionof these shear
strengthcomponentsinderestimatethe actual diaphragm shear capacity. FRP improved
theconcr et ebdbs c onst sheadoading, whictbuaderacesdtherneed tod e r
considerthese effect design.

Parametric studies demonstratéattcurrent ACI 318 sheatrength provisions
tend to overestimate diaphragm capacities, particularly at higher reinforcement ratios. FRP
retrofits notably enhanced concreteds compre
optimal results achieved wh fibers were aligned perpendicular to expected crack paths
and coverage was strategically distributed. Topologymized FRP layouts provided
greater strength improvements than conventional designs, a fisdimgprted byan
experimental studyMeasuredrRP straingienerallyexceeded existing ACI 440.2R design

limits, suggesting current guidelines are overly conservative for diaphragm strengthening
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GENERAL AUDIENCE ABSTRACT

Buildings rely on structural systems to safely resist lateral forces such as those
caused by earthquakes and wind. A critical component of this system is the digphragm
typically a horizontal reinforced concretéah which distributes these forces to vertical
structural elements like walls and frames. In many cases, diaphragms require strengthening
due to changes in building use, the addition of openings, reconfiguration of structural
elements, or because thegonial systenmdoes not meeturrent code requirements. One
promising retrofit method involves bondiridper-reinforced polymer (FRPgomposite
laminatesto the concrete surface. FRBtrofit is lightweight, easy to install, and less
disruptive thartraditional methods such as concrete overlays or slab thickening. However,
its behavior in diaphragms is not yet fully understood, and current design guidelines do not
include diaphragrspecific provisions.

This research investigates how cogte diaphragms behave when strengthened
with FRP bonded to their surface. The study combines physical experiments and computer
simulations to understand the effects of
patterns, and failure mechanisms. Data frii@ experiments were used to develop a
computer model that accurately represents important behaviorascmhcrete cracking,

steel yielding, and FRP debonding. Using this validated model, a parametric study was



conducted to examine how different factbiscluding the amount of steel reinforcement,

the strength of the concrete and steel, the direction in which the FRP fibers are placed, and
how much of the diaphragm surface is covered by FRRuence the overall performance

of the diaphragm. To furdr improve strengthening methods, mathematical optimization
techniques were applied to the computer model to identify the most effective FRP layouts
for strengthening. These optimized layouts were then tested both thooungbuter
simulations and in a lalbatory experiment to confirm their effectiveness. This approach
provides valuable insights into designing stronger and more efficient retrofits for concrete

diaphragms using FRP materials.
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Chapter1.l nt roducti on

1.1 Diaphragms in Reinforced Concrete Buildings

In addition to supporting gravity loads, structural members in a building must be designed
to resist lateral loads such as wind and seismic fofdesstructural system that acts to resist the
lateral loads referred to hereafter dise lateral force resisting system (LFR8)pically consists
of horizontalelementsverticalelementsandthefoundation. The horizontalements of theFRS
typically consist ob diaphragm systenattransmis the kateral forces to the verticalements of
theLFRS, whichtypically consisof vertical elements such as moment frames and shear aslls
shown inFigure1-1. These vertical and horizontal systework together to form a continuous
load path to transfer lateral forces to the foundation. In addition, the horizontal elements also tie
and stabilize the vertical systems together. Horizontal or nearly horizontal planar elements, such
as floor or roof sibs can serve to support lateral forces as diaphragm$o support the gravity

loads.

Collector

In-plane inertial loads
Gravity loads

Qut-of-plane
wind pressure
or inertial loads

Diaphragm
Collector
\ear) wa
Inclined column

Shear
Transfer in
diaphragm

Transfer slab/
diaphragm
Distributor

Below grade
soil pressure

Figure 1-1. Rolesof diaphragms as per ACI 318(2019)
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In the United States design practice, diaphragms and their components, such as the
diaphragm field, chords, and collectors, are typically analyzed asiidpalizedbeam analogy,
which idealizes the diaphragm as behaving similarly to a flexural beam under lateraCloads.
areaxial tension and compresst members that resist thiexural momensat thed i ap hr ag mé s
extreme fiberswhile collectors are axial memisaresponsible farollecting andransferringshear
stressedrom the diaphragmdepth tovertical LFRS.Under lateral loads, such as thofem
seismic or wind eventshe diaphragm icommonly idealizedising a beam analogy, where the
diaphragm acts asharizontalbeam spanninfetween the verticalements oL FRS, as shown
in Figurel-2 andFigurel-3, respectively The diaphragns therefore assumeddevelop inplane
bending momenandshear. The diaphragm behavior can also be explained lagamsato an |

beam with flanges resisting bending and web resisting shear.

ARRRRRRRRRRRERRTRNRE a a

5 = — Ht

ZCompression chord x M,E Gy ; 1
I I G
| | H

zTension chord : E I i T. V“§ 51
b b b

Figure 1-2. Plan view of a diaphragm and internal moment and shear resistand®IST
2016)
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Figure 1-3. Simple beam idealization of diaphragm(NIST 2016)

Several types of concrete diaphragms can exist in a building, depending on its type, such
as casin-place concrete, topping slabs on metal dgakprecast concrete. This study focuses on
nonprestressed cast-place concrete diaphragms in Reinforced Concrete (RC) buildings.
According to ACI 31§2019) diaphragm design should account for five forces: (@)ane forces
due to lateral loads acting on the building (b) transfer forces (c) connection forces between the
diaphragm and vertical framing @onstructuralelements (d) forces resulting from bracing
vertical or sloped building elements (e) -aitplane forces due to gravity and other loads applied

to the diaphragm surface.

1.2 Research Motivation andGaps

The forizontal elements dfFRS inan RC building often require retrofit whewertical
elements of the LFRS are relocated due to renovations, when there are new penetrations in the
slab, or when deficiencies in therizontal LFRS load path, strength, or ductility are discovered
in older buildinggObaidat et al. 2011 Nonductile RC buildigs constructed prior to the 1970s
are particularly vulnerable as they were constructed prior to the adoption of modern seismic design
codes that incorporated the first diaphragm design provigimaeci et al. 1997; Gkournelos et
al. 2021; Kam and Pampanin 200Bjost of the diaphragm retrofit techniques in practice so far

are based on increasing slab thicknesencasing the existing components to improversi
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performance. However, these approaches are expensive, disruptive, and add seismic mass to the
building system.

FRP composites are a proven and commercially viable construction technology for
mitigating earthquake vulnerabilities and corrosielatedissues in slabs, moment frames, and
shear wallgBuyukozturk and Hearing 1998yving to their favorable characteristissich as high
specific stiffness, strength, corrosioresistance, fatigue resistance, less disruption, and
construction ease. Extensive indusidpption of FRP for diaphragm strengthening highligtsts
practical benefits and effectiveness as a retrofit straieggkal et al. 2022However, current
U.S. building codes lack specific provisions for FRP diaphragm strengthening, and existing
research to inform and support guideline development remains lifAitgan et al. 2023; Dhakal
et al. 2024; Hutton et al. 2025; Ormeno et al. 2019)

Because obtrong industry neexl the lack of research has not stopped engineers from
applying FRP to retrofit diaphragms and collect@sgion 2024; Arnold 2019; Ormeno et al.
2019) Often, designers incorrectlpply design principles developed for FRP retrofit of beams,
columns, and walls to strengthen chords, collectors, and diaphragms (Ormeno et al. 2019; Aryan
et al. 2023). Hence, substantial further research is necessary to develop the necessary design
guideines to confidently rely on FRP retrofitting of RC diaphragidarries and Witt 2019)
Further, the currenstateof-the-practice inFRP diaphragm strengthenintypically relies on a
bruteforce approachysing orthogonal FRP layouts over large floor areas, with fibers placed in
both principal directions regardless of localized stress demands or loaddtRey Castillo et
al. 2019) Innovative new approaches to FRP rettioiif that aretailored to the actualorce
trajectoriesand thatwould offer eficient strengthening wittthe least disruptions are necessary.

To advance the strengthening of diaphragms with FRP, studies that fatstter understanding
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of the interaction between FRP and the existing components of RC diaphsagimas concrete
and reinforcing barsand thesensitivities of the strengthened diaphragm behavior to the retrofit
design are essential.

Additionally, despite being an integral componehtLFRS, limited studies have been
conducted on the behavior of RC diaphragms. Tdweldpment of laboratory test specimens of
the appropriate size and scale necessary for investigating diaphragm limit states is challenging
(Harries and Witt 2019; Erickson 2019; Arnold 2019; Goodwin et al. 2019. As a result, previous
experiments involvinghe inplane behavior of RC diaphragms are scarce. Considering the
impracticality of numerous larggcale experimental studies due to their size and complexity, finite
element (FE) analysis could serve as a valuable tool for examining the behavior ¢éxcomp
structures under varying parameters. While severatuteshavefocusedon RC slabs subjected
to outof-plane gravity loads (e.g., Labibzadeh 2015; Mosallam and Mosalam 2003), only a limited
number of studies have addressed thglame behavio(Khajehdehi and Panahshahi 201Bh)is
highlights the need to establish validated numerical modeling strategies specifically designed for
RC diaphragms. Thenodeling strategies cafurther be used to advance the knowledge in
strengthening RC diaphragms with FRP.

In summary, this research is motivated, in part, by the critical lack of experimental and
computational data substantiatitige use of FRP for strengthening Ri@phragmsThe absence
of essential background testing and analysis poses a challenge to establishing ctasedsus
acceptance and evaluation criteria for strengthening horizontal LFRS using FRP. This might
subsequently deter the widespread use of a proven and coiaiyieriable construction material,

limiting its potential to enhance the resilience of building stock in an innovative manner.



Introduction

1.3 Objectives and Scope
The primary goal of this researalas to enhance the science of retrofitting &@hragms
using FRPs ttough a combination of numerical and experimental studies. fol@ving
discussion elaborates on the study's scape provides additional detailsabout its primary
objectives:
1. Understand the vulnerabiliti@s horizontal elements in LFRS recent andlder concrete
buildings under seismic loadingepresenting extreme loadings.

This objective focuses on understandintpe seismicvulnerabilities in the RC
diaphragms and assessg the need for their strengthenitigougha detailedliterature review
Theexistingstrategiesisedto improve diaphragm performance in response to the deficiencies
and their shortcomingaereidentified thus revealing the research gaps associated with the
strengthening of RC diaphragmEheliterature reviewalsoexploral the gplication of FRPs
as a viable strengthening measure for RC diaphrdoymeviewing thepreviousresearch on
FRP application#n relatedstructural systems.

2. Develop numerical modeling strategies for the FE simulation of RC diaphragms
strengthened with externally bonded FRP

The objective of thiscomputational activit is to establishnumerical modeling
strategies to simulate the RC diaphragms strengthened with FRP to enhanchdhe
capacity. The capabilities of the FE softwareagbs (2021) were explorédrough nonlinear
FE models developedo simulate previously tested specimen3he study investigated
availablefeaturesin Abaqus to accurately modgkeometry, boundary conditions, material
models and element interactions. Matdr constitutive model parameterand a cohesive

tractionseparation lavto account foconcreteFRPbond behaviowere calibrated tolosely
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matchthe experimental response. The models weatuated againsixperimental resultsuch
as crack patterns,abal loaddisplacement behavigfRP strainsandFRP debonding.
3. Investigatethe sensitivity of various design parameters on the performandeCof
diaphragms strengthened in shear usiRg.

A detailed parametric study was conducted usioiglinear FE analysisn cantilever
RC diaphragm specimens to investigate the influence of key design variables on the structural
behaviorwith FRP shearstrengthemg. Parameters such as concrete compressive strength,
steel reinforcement propertieted reinforcement ratiobRP width,FRPelastic modulus, and
FRP surface coverage were systematically variedevaluate their effects on diaphragm
behavior Thepreviouslyvalidatednumerical modeling technigaevere used to evaluate the
relative impact okach parameter, offering critical insight into their significance in enhancing
shear performance.
4. Develop and evaluate strategies for optimized, targeted FRP strengthening of RC

diaphragms

The study aimedto identify effective reinforcement layoutby drategically
concentrahg FRP material in critical regions, guided by principal stress trajectories and shear
transfer paths, to enhanakaphragmstructural performancelTo achieve this, dpology
optimization wasmplementedon FE models of RC diaphragntsilly covered withFRP,
identifying optimal FRP layouts for targeted strengthenusing Tosca, the topology
optimization library in AbaqusThis approach to strengthening extends beyond traditional
conceptssuch as applying FRP uniformly in the diaphralgased oabrute force mechanism
by focusing instead on principles rooted in structural mechanics, including principal stress

directions, targeted reinforcement, and diagonal shear transfer mechanisms. The optimized
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FRP patterns generated through toggloptimization were then translated immnstructable
reinforcementstrategiesusing FRP sheets with regular geometries, suitable for practical
application to the diaphragm. These optimized configurations were compared with
conventional FRP strengthenitayouts to evaluate their relative performance.
5. Experimental evaluation of tleffectiveness of the targeted FRP strengthening strategy for
RC diaphragms

This objective aims to validate the performance of the optimized FRP strengthening
approachthrough a largescaleexperimental investigatio®\ planarthreebay RC diaphragm
specimen with openings was designed to represent an existing diaphragm requiring
strengthening to enhance-ptane strength deficienciesThe specimen was retrofitted with
FRP layous derived from topology optimization, intended tmyide targeted strengthening
along critical stress paths. The strengthened diaphragm was subjected to reversepigoie in
displacementioading to simulate lateral demands. The structural response was evaluated
through multiple performance indicatoms¢luding peak lateral strength, hysteresis behavior,
crack development and propagation, FRP debonding regions, reinforcing bar strain
distribution, and global and local displacements of the diaphragm. These measurements
provided comprehensive insight irttte shear behavior of the diaphragstrengthened with
targeted retrofit concepts
6. Provides insights into diaphragm behavior with FRP strengthening in $tredine

development of design guidelines and idesgiareas for future research

This objectiveseeks to generate insights from the observed behavior of RC diaphragms

strengthened with FRP that may inform the development of future design guidelines. Rather

than proposing design equations or procedures, the study focuses on documenting
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experimental athnumerical findings that highlight key behavioral mechanisms, critical stress
regions, and the influence of strengthening schemes. These observations are intended to
support the academic community, practicing engineers, and building code committees by
providing evidence that can guide the formulation of reliable design approaches. In addition,
the study critically evaluates its limitations and identifies areas where further research is
necessary to advance the understanding and application of FRP stmemgtire RC

diaphragms.

1.4 Organization of Dissertation

The organization of this thesis proceeds as outlined below:

1 Chapter Introduceghe background, motivation, scope, and objectives aEtsearch.

1 Chapter Dresents review of the prior experimentaléicomputational studies on RC
diaphragms emphasizingstrengthening approaches of RC diaphragamsl the
application of FRP for sheatrengthening.

1 Chapter Jresents ananuscript detailing the numerical modeling approach for-FRP
strengthened RC diaphnmag, calibrated and validatdohsed on existing experimental
data

1 Chapter 4comprises a manuscript that investigates the influence of key design
parameters on the behavior of FRifengthened RC diaphragms through numerical
simulationsand experimental stiies

1 Chapter 5 discusses the development of FRP retrofit schemes based on topology
optimization techniquse and presents a largsecale experimental study on the RC

diaphragmstrengthened with FRP retrofit designesing the optimizatiotechniques
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1 Chapter6 provides a summary of the works conducted in the research arkeyhe
findings based on thstudies conducted’he limitations and areas that need further
study are also identified.

1 Supporting materials such esperimental datanddesign calculations are provided in

Appendices to supplement the dissertation/
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Chapter2.Li t ar at Revi ew

2.1 Overview

Diaphragms, along with chords and collectors, constauterizontal LFRS responsible
for transmitting lateral forces to the vertical LER®iis chapter encompasses a comprehensive
review of researclon diaphragms, their strengthening methodologies, and numerical analysis
techniques. lexplores thecurrent dsign and analysis practices concerning diaphragast
investigations into unstrengthened diaphragms, tleed for diaphragm strengthening,
conventional strengthening approachas]strengthening usingRPs, along withexamples and
FE analysis of diaphragms reinforced with FRPke units in this chapter are kept the same as
thosefound in the original literature. To maintain consistency with the dissertation document,

English units (iAlbs) are provided in parentheses if the origiitarature uses the Sl system.

2.2 Analysis Procedurefor Diaphragm

In the seismic response of buildings, the behavior of floor diaphregromplex and not
well understoodFleischman et al. 2005; Sabelli et al. 201/Bry few code provisions and design
guidance exist for théorizontal components of LFRi& comparison to the ones foenical
components of FRS (Scarry 2015) The reason for this could be that their large size creates
difficulties in conducting tests. In comparison to the researcledical elements dfFRS, limited
research related toahbehavior of brizontal elements diFRS has been conducté8arron and
Hueste 2004; Nakashima et al. 1981)

Several approaches have been implementethéenalysis of the internal forces within

diaphragms to determine the design forces for the diaphragm componentariplexity of the
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approach depends on the complexity of the diaphragm in terms of irregularities or vertical elements
and the objective of the analysis. AC318 (2019) recognizes four approaches for diaphragm
analysis the beam modelthe strutandtie model,the FEmode| and alternative models. The

following paragraphs discuss these models and th@aliee analysis procedures used in practice.

2.2.1Beam Model

A horizontal beam model is often used to determine the reinforcdorehte diaphragms
without major irregularities or transfer forcés this method, diaphragms are considered as beams
thatspanhorizontallybetween verticdlFRS such adraced frames, moment frames walls as
shown inFigure2-1. The \ertical elementact as different types of suppgisd when the vertical
elements do not extend along the full depth of the diaphragm, elements known as collectors are
provided Typically, simple span diaphragms are analyzed as simplyostggpbbeams in which
maximum shear and chord tension/compression forces are computed from the corresponding shear
and bending moment diagrams. The classical beam theithnthe assumptiothatplane sections
remain plangis adopted in this simplified gpoach and diaphragms are assumed to remain near
elastic.Chord reinforcement, shear reinforcememtd collector reinforcementeaprovided a the
primary reinforcement groupgFleischman et al. 2005; Sabelli et al.12) The chord
reinforcements are provided to resispiane bending of the diaphragm, shear reinforcements are
providedacross diaphragnts resist inplane diaphragm sheand collector reinforcements are
provided to collect and transfer the diaghmeforces to the vertical elements in the lateral resisting
system.

ACI 318 (2019) adopts the assumption that the diaphragms act as a beam spanning
horizontally between vertical members of thERS, in which the design components the

diaphragm usually include4plane moment, kplane sheamnd axial forceghe details of which

12
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areprovided in Chapter 12 of the code. The diaphragms, colleatmlghe respective connections

are expected to have strength based on the factored load combinations specified in Chapter 5 of
the code. Accordingly, the factored load combinations requimsideration of both owtf-plane

and inplane loadswhich might act concurrently. Under this idealization, the depth of the beam
would equal the full diaphragm deptind the assumptionsuch as the linear variation of strain
through the depthwould appy. Moreover, the diaphragm shear flow is assumed to be
approximately uniform over the diaphragm depis. in the beams where shear capacity is
considered to be the addition of the strength provided by shear reinforcemeatthe shear
strengthof concrete without shear reinforcemeat, the diaphragm ifplaneshear strengtlis

represented by the following E@-1) as per Eq12.5.3.3 in ACI 31§2019)

® 6 ¢ Q "Q Y wmMQ (2-1)

whered is the gross area of concrete bounded byaphragm \ith thickness and depthwvith
reductions for openingsQ is the compressive strength of the concretés the lightweight
concrete factor; is the ratio of shear reinforcemenf) is the yield strength of the shear

reinforcementg is the width of the beam in sheandQis the depth

R A

| ﬂ |

[ |
'TEEEEEEEREEEEER;

& &

Figure 2-1. Beamanalogy ofsimple
diaphragm (Sabelli et al. 2A.1).
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2.2.2Strut and Tie Model

The drut andtie model (STM)is acommonly used approach in the sheasigle of deep
concrete structural membewsbbood 2023; Chen et al. 2018, 2020; Gaatad Chaallal 2013)n
this model,the internal stress fields of a structural member are idealized as an equivalent truss
system. Its applicability t®C structures arises from the fact that loads are transferred through a
network of compressive stiedields interconnected by tensile reinforcement acting as ties. An
STM consists of three basic elements: struts, which resist compressive stresses; ties, which resist
tensile stresses; and nodes, where struts and ties intersect. Distributed loads doea anem
represented as concentrated forces applied at the ridaesd on théower-boundtheory of
elasticity, the STM method providasower-bound capacity of the structure as long as equilibrium
and compatibility are satisfied.

The strutandtie idealzation has been widely applied in practice. The diaphragm, or a
portion of the diaphragm, may be represented as asstditte system to capture the primary load
transfer mechanisn{&CIl 2019; NIST 2016)This makes STM particularkyell-suitedfor regions
where conentional sectional analysis is invalid.

For design purposes, structural members are subdivided into Bernoulli regicegsdBs)
and disturbed or discontinuity regions-(8gions).In B-regions the assumption of classical beam
theoryi that plane sectianremain plané holds, leading to a linear strain distribution across the
section depth. In these regions, conventional sectional analysis can be applied using axial forces,
bending moments, shear forces, and torsional moments to describe the intessastsiieBy
contrast, Bregions exhibit nonlinear strain distributions due to abrupt changes in geometry
(geometric discontinuities) or |l oading (stati:
the influence of such discontinuities extengpraximately one member depth away from the

source. Withinthese regions Ber noul | in®lsngeh gppligsanu esectiosal design
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procedures cannot reliably capture the stress. dbate to the complexity of behavior in the D
regions, methods suclk 8TM are employed to define the behavior.

When developing an STM for a given strueiusystem multiple configurations may be
possible. Among the alternatives, the model incorporating the minimum number of ties is usually
preferred, as load transfer tento follow the path of least resistance. Since tensile ties are more
deformable than compressive struts, minimizing the number of ties results in a stiffer and more
efficient representation of the load path. The 4igystep procedure for developing asglplying

STMis illustrated irFigure2-2.

Delineate D-Regions
and B-Regions

Determine Resultant Forces at
D-Region Boundaries

!

Sketch the Flow of Forces
and Develop a Basic Truss Model

!

Develop a Truss Model that Mimics the
Flow of Forces and Ensure that
Each Node is in Equilibrium

!

Calculate Forces in the
Struts and Ties

Refine Geometry of
Truss Model based
on Tie Locations

Size the Steel for
the Ties

Resize Nodes/Struts as
Necessary to Satisfy
Stress Limits

Check Allowable
Stress Levels in Nodes
and Struts

Detail Any Necessary
Confining Steel or Anchorages
for Tie Reinforcement

Figure 2-2. Flowchart for STM process(Brown et al. 2006)
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2.2.3Grillage Method

Even though the beam analogy offersimplified design approach to diaphragms, this
simplification may ignore several other mechanisms associated with the diaphragms. On the other
hand, STM can be rigorous and thmensuming with the increasing complexity of the structure.
The modifications to the diaphragm layout and support conditions might require significant
changes to the STM models. Scaf?p15)introduced a truss method of analysis for the floor
diaphragms and illustrated the method in &80y building witha shear wall ore and perimeter
frame as shown irFigure2-3. The truss method can be defined as a linear finite element method
of analysighatuses truss elements

In this method, diaphragms are represented in terna ofthogonal grillage of truss
elementswhere each element represamtributary width of slab. The reinforcements are assumed
to be placed orthogonallyand diagonal compression truss elements running throughout the
grillage allow modelingf the diagonal strut action. For the supports, springs corresponding to the
stiffness of th&tFRS are used irthetwo dimensionatliaphragm truss model. Rigid suppaate
not recommended dkeycan lead to inaccuracies in the distribution of reactions and diaphragm
action.

One of the advantages of the grillage model is its ability to easily incorporate changes in
structural layout or support conditions. The mainlggié need not be defined with every change
and quick modifications can be made to the model. Further, the geometry automatically accounts
for the opening, rentrant cornegsand plastic hinges. In case of damage due to the growth of
plastic hinges that ight render some parts tie diaphragm ineffective, truss elements in those
regions can be removed to account for the damage. The truss method can also be incorporated into
a 3D model ofa building with atruss at each floor level. The forces and compdyileffects in

the diaphragm will automatically be accounted for.
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The design process for this method follows a similar apprt@a8&TM, in which all the
actions including shearare resisted bthe strut and ties. The truss should be fine enough that i
captures the diaphragm geometry and behavior while also taking into consideration the fact that
excessive refinement can create a lot of data.

The truss method was illustrated in arsthaped RC diaphragmvhich has multiple

openings Figure2-3) and was supported by four RC shear wiallsach orthogonal direction.

1050x100 SLAB

= = = e 1330x100 SLAB PLUS

500x400 BEAM PROJ.
‘ | / UNDER

1330x100 SLAB

2050x100 SLAB (TYP,)

\
0 \
U] i h " SPRINGS TO

REPRESENT
i fh i i SHEAR WALLS

\

2175x100 SLAB (TYP.) 2050x100 SLAB PLUS
500x400 BEAM PROJ.

UNDER (TYP.)

Figure 2-3. Example truss model for diaphragm analysis truss overlaid
on geometry(Scarry 2015).

2.2.4Finite Element Analysis

In the FE method, a continuum is divided into fing&zed regions called elements within
which the continuum behavior is approximatéofriet and McNeice 1971FE modelinghas been
used to understand the behavior of several concrete stryctuoksas shear wal{Ayoub and
Filippou 1998) deep beam@viohamed et al. 2014xlabs(Enochsson et al. 2007; Jofriet and

McNeice 1971) and diaphragmgKhajehdehi and Panahshahi 2016; Marini et al. 2012;
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Nakashima et al. 1981)he FE analysis of RC diaphragms is discussed in detail in further sections

in this chapter.

2.3 Shear Mechanism in Concrete Diaphragm$ Idealized Beam

As discussed in the previous section, ACI 8@19)permits the desigandanalysis of
thediaphragm asn idealized beant.he following paragraphs discuss the shear mechanism in a
concrete bearm order to provideanunderstanding of the various elements contributing to shear
resistance.

Generally, a beam resists loads through internal momenthaad\While flexure failures
are ductile and gradual, shear failures are sudden and brittle. Therefore, beams ard fitgsigne
flexure with sufficient size and reinforcement to resist the momentsshidee desigis such that
thelimit strength of flexure is the governing failure mode instead of the limit state of shear

In concrete beams, the shear spadepth ratio carsignificantly influence the shear
behavior. Based on the ratio of shear sparip depth,Q a beantan be short, slendesr very
slender. Theshearbehavior of beams without steel stirrups as shear reinforcement is discussed
first, as it serves aslaackground to understand the shear mechanism when shear reinforcements
are addedThe $ear capacity of beamgithout shear reinforcement is taken equal to the shear
force corresponding to the inclined crack. Several factors contribute to the transfearofstiear
in the compression zoney , aggregate interlock on the two faces of the crackjand dowel
action of the longitudinal reinforcementy. As the crack widens, the shear contribution by
aggregate interlock reducesnd the sheas resisted by dowel actigmand the compression zone
increases. With the increase in shear to be resisted by dowel action, splitting cracks occur in the
concrete along the longitudinal reinforcemdatiding to a decrease and near loss in the shear

contributon from the dowel action. This reduction in e andw leads tothe crushing of the
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concrete above the crack due to the loss of contribution from the concrete below the crack, a large
amount ofcompressive force$ would be required to balancéet tension force€Y in the
longitudinal reinforcemenas shown inFigure 2-4(a). For very short beams, also called deep
beamswith ¢ci¥Qfrom 0 to 1, inclined shear cracks form joining the loads and suppdrish
disturb the horizontal shear flow from longitudinal steel to the compression zone. Therefore, the
beam behavior changes to arch action from the beam action in thbimbmpres®mn force in the
concrete strut and tension force in the longitudinal reinforcearecbnstant over the shear span
(Figure2-4(b)). For the beams i short shear spans, widifQfrom 1 to 2.5, inclined cracks are
formed and can carry additional loads due to arch action caused by redistribution of internal forces.
The compression strut carri@snajor portion otheload after inclined cracking inevy short and
short beams. The beams with slender spath ¢¥Qfrom 2.5 to 6, fail at inclined cracking load
while very slender beams withf'Q greater than 6 fail in flexure even before the formation of
inclined cracks.

For the beams with shear reinfement, as the tensile strength of the concrete is less,
cracks inthe concrete occur at verjttle strain. Following the concept of compatibility, strains
and the corresponding stresses in the shear reinforcement would also be less. Hence, the shear
reinforcement does not prevent the initial cracks from forming. After the formation of flexural
cracks, the shear resistance is providedoby®w , @ andw as shown irFigure2-4(c). As the
applied shear increases, the stirrups crossing the cracksafteldwhichw increases at slower
rate andinclined cracksalso start widening fasterThis results ina decreas in w forcing the
increase in contribution from the rest of the componeassilting in splitting failureandcrushing

of compressiopas explained in the previous paragraph.
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T = Tension

(b) Arch acton.

(c) Internal forces in a cracked beam with stirrups.
Figure 2-4. Shear mechanism/Wight and MacGregor 2011)

2.4 Previous Studies on RC Diaphragms

Despite being an integralomponent in RC building.FRS, limited experimental and
numericalstudies have been conducted on the behaviGt@tiaphragmgAryan et al. 2023,
Khajehdehi and Panahshahi 2016; Nakashima et al. 18thjs sectionan experimental study
on unstrengthened diaphragms has been discussed.

Nakashima(1981) conducted an experimental aadalyticalstudy on 1.56 in. (40 mm)
thick 64 in. x 64 in. (1630 mm x 1630 mmactangulaiRC floor slabs with edge bean(Bigure
2-5) to investigate the Hplare seismic characteristics of the diaphragms. Different loading and
support conditions on 1:4.5 scaled besupported slal{slabon-beam)systems representing
interior floor slab panels in medium to higse buildingswith shear walls for earthquake

resisancewere testedThe test specimen has three consecutive panels supported by two shear
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walls and four columnss shown irFigure2-5. The prototypdloor slab was designed usitige
direct design methgdn which the floor slab is divided intthe edge and middle stripsvith
reinforcement design for each strip as showRigure2-6. This design was scaled down for the
design oftheexperimental specimen.

The testing program included four types of tests: stiffness test, strength test, repaired
strength testand free vibration test. The stiffness test was conducted first to exdmiakastic
in-plane stiffness character of the floor system by testing each specimen as a whole unit- Small in
plane loads upo the maximum of 15 kN (3.5 kips) weappliedsimultaneously along the two
column lines such thahe loading and the boundary conditions providedimply supported
condition. Two loading conditions were uséidst, the loads were applied in the same direction
(symmetrical loadingland second, the loadsere applied in opposite directi®(@ntisymmetrical
loading). After the stiffness test, each slab panel was tested separat&tiyeimgth test to examine
the dtimate strength, stiffness in peslastic regions, and ductilityf the panelThe inplare load
was applied along the column line parallel to the yvealt outof-plane loading was also applied
depending on the test. Both monotonic and cycliplame loading were applied. Hence, two
stiffness tests, two strength tests with monotoniplameloading, one strength test with eaft
plane and monotonic {plane loading, two strength tests with cycliepiane loadingand one
strength test witlout-of-plane andtyclic in-plane loadingvere conducted.

The inplane loadgenerated byhe mechanical jack placed at the slab ceplane was
distributed to five embedded studs along the loading line using a steel frame to dinedesired
shear action, with each stud uniformly spaced at 540 mm (21.3 he)outof-plane load was
appliedas a series of concentrated forcesa gpacing of 540 mm (21.3 in.) in each direction to

simulate the uniformly distributed vertical loads on slabsléme and oubf-plane displacements
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were measured at multiple poingsd strains in reinforcing bangere also recorded with 196 strain
gages.

Based on the study, the ultimateglane strength of the diaphragms was governed by the
development of major craskalongthe column andhe middle strip boundarywhere most of the
reinforcing bars were terminateThe posultimate region behavior was governedtbgopening
and closing of cracks. Additionally, in terms of the type of loading, cyclic loading causedaabout
20 to 25 percent reduction in the ultimate strengthich wasattributed to the cumulativdamage
such as cracks. The cyclic loading also reduced the ductility range by about 45 percent. Further,
even though the general behavior of slabs remained sithigsaddition of vertical load in slabs
reduced the ultimate {plane resistance by abolf percent. The load, howevelid not affect
ductility. The study on the effect dhe momentto-shear ratio on the strength showed that
increasing the mometb-shear resistance twice reduced thplane stiffness by about 45 percent.
Thus, indicating Hat flexural capacity at major crack locasqerimarily governed the ultimate

strength.
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2.5 Strengthening ofthe Diaphragm

RCbuildings often require strengthening for various reasons, sugidases in theesign
standards, inadequate reinfencent, changes in building functionality, new penetrations in
diaphragmsand typical deficienciesThese vulnerabilities have been evident in past earthquakes,
where the poor seismic resistance of older buildings led to significant damage and collapse,
resulting in substantial economic and human log&urnelos et al. 2021)or examplethe
collapse of the CTV building during the Christchurch earthquadseresponsible for over 60% of
the earthquakeelated fatalitiesThe collapse waattributed largely to a deficient floor diaphragm
RC buildings built decades ago withocbnsidering seismic desigencompass a very high
percentage of the total RC buildin@darini et al. 2012)In addition, diaphragms are often not
presentin old RC buildings where no shear reinforcements were providetost cases, slab
reinforcements are provided for gravity loading ghigncethe reinforcements are inadequate for
seismic loadingKim and Hagen 2014)At times, flexural strengthening of concrete members
might render a concrete member susceptible to shidaref in such caseshear strengthening is
necessary to avoid the sudden and brittle failure that would arise from shear(fadded et al.

2007) Furthemore the development of modern design codes has introdoneadseismic
requirementsbased on advancements in seismic research and lessons learned from previous
earthquakeHowever, he buildings designeghderolder codes daot meethe updated strength

and ductility while there is a large stock of older buildswl over the world; for instance, 80%

of the buildings within the(Gkurneopeta. . 2021Jhei on we
poor seismic erformance of RC buildings in the past has highlighted the vulnerability of the older
buildings andheir need for retrofit. Thus, the old buildings, which are designed as per the old

codesneed to be reevaluated for seismic adequacy and strengtheresbssany to comply with
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the new provisions (Bracci et al. 1997) These factorshighlight the need for diaphragm

strengthening.

2.5.1Conventional Retrofit Approaches inConcrete Diaphragms

Most seismic upgrading techniques applied to structural elements in RC buildings involve
adding some external reinforcement to the existing element in order to increase eithertbeall of
flexural capacity, shear capacignd ductilty. For example, xdernally bonded steel plates, steel
or concrete jackets, and external p@stsioning are some of the many traditional techniques
adopted for strengthening purpo$A€1 2023) However, this type of upgrading is most likely to
increase the dimeion or bending stiffness, cause disruption to the function of the building, add
seismic weight and correspondingly seismic demandsmay not be suitable for irregular
geometry(Gkournelos et al. 2021)

A few studies discuss the strengthening techniquesRiG diaphragms. Kim and Hagen
(2014)discussed case studies on setsaevialuation and retrofit of ten low to migeRC buildings
ranging from one to ten stories built in California betwd#en1940s and 19703n the existing
building systemshear wall@andconcrete frames were used fpavity andLFRS Oneway RC
slabs two-way RC slabsand postensioned slabs were used as diaphragms. Several deficiencies
such as torsional irregularities, vertical irregulariteasiweak or soft storiesvere identified. In
some buildings, due to vertical irregularity such as s&taabrupt changein strength and
stiffness caused large force demands and stress concentrations in diaphragms. Further, the slabs
were typically designed for gravity loads ontiierefore, the existing slab reinforcements were
inadequate to resist seisimiemands. Large openings were presetiédiaphragms, and they
prevented proper load transfer to and from the diaphragms. These feattheslisphragms

resulted in shear deficiencies. In order to strengtleizdntal elements diFRS, in some casges
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either new collectors were added or existing owese strengthened using steel platasd
shotcrete overlays. Since shear deficiencies in the diaphragms were found to be difficult to
mitigate, new ertical elementsvere added to decrease the diaphragm shear demand.

Marini et al.(2008)identified that whilea concrete plate reinforced with welded mesh
could be a possible retrofitting technique for diaphragm strengthehmtechnique would require
thicker concrete to maintain the minimum cover required for the steel meshuiforgroposed
the use of fibereinforced concretavhich would not require theinimum concrete coveas the
reinforcement provided in theoffm of fibers is spread all over the concrete matfikis
strengthening was mainly focused on the RC diaphragm in masonry buikliiglse possibility

of its application to the RC buildings was suggested.

2.5.2FRP for Strengthening of Concrete

FRPshave beemvidely used for strengthening flexure or shdaficientRC structures due
to their favorable characteristicsuch as high specific stiffness, strength, corrosion resistance,
fatigue resistance, less disruptidaring installation low linear expansion aefficient, good
adapation to complex shapeand construction eagBuyukozturk and Hearing 1998; Chaves and
Cunha 2014)Particularly under seismic loading, FRP reinforcements present notable advantages,
as their lightweight nature allows for reductions in both concrete cover and overall member
thickness, while avoiding sigficant increases in structural weight and the resulting earthguake
induced inertia forces, in contrast to conventional methods such as the application of steel plates
(Bruggi and Taliercio 2013; Kromoser et al. 2019)

Several experimental and numericalds#s have been conducted on the application of
FRPs onRC structuresincluding beamgBuyukozturk and Hearing 1998; Kalfat et al. 2013)

columns (Colomb, 2008), beaoolumn joints(Del Vecchio et al. 2014shear wall§Lombard et
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al. 2000) and slabg An i | et al . 2013; FIl oru$S et .BRP. 2014
application for shear strengthenihgs not been as widely studied as flexure strength€Beigrbi
and Acun 2013)Shear design is a complex challerayed even for the RC members without FRP
it relies mostly on empirical methods. The addition of FRP for the shear mechtresefiore
adds further complication. Topics suchthe relatively lesssheafresisting mechanism of side
bonded FRPs, the contribution of FRP to transverse strengthenintpeaethtive contributions
of concrete, steel, and FRP to the shear capacityalaoknpleteunderstanding (Monti & Liotta
2007).

Even fewer studies have been condudedC diaphragm strengthening with FR&hd
limited guidance exists in codes. Due to the lssgale nature of diaphragms, testing of
representativsize specimens is difficylteadingto limited research and data understand the
strengthening behavior and mechanism with @RI Rey Castillo et al. 2019; Aryan et al. 2023)
Despite the limited guidance and research, there has &eepplication of the FRP for

strengthening RC diaphragrfalowing the FRP strengthening provisions for beams

FRP for the Shear Strengthening of Concrete

Experimental and numerical studies on the FRP strengthening ofdsfeaent concrete
members have shwn thatthe FRPstrengthening technique is highly efficient and effective
(Barron and Hueste 2004; Maaddawy and Sherif 2009; Baggio et al.&Xlréduceghe severity
of cracks and increasehe strength and stiffness of RC members. For exaripiantafillou
(1998)conductecanexperimentastudy based on eleven identical shéaficient 1000 mm x 110
mm x 70 mm(39.4 in. x 4.3 in. X 2.8 INRC beams with nine strengthened in shear using externally
bonded FRP on two sides of the beams. When loaded irpéonir bending, the strengthened

beans experienced diagonal cracking followed darbonFRP debonding and failed at loads
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higher than thse of unreinforced control beam#n increase in strengths of 65 percent to 95
percent with respect to the control shdaficient beams was observed. Sarly, Karzad et
al.(2019) studied 19 skardeficient RC beams strengthened using one or two layers of
unidirectional EBCFRPs. The beams included a combination ofdamaged and undamaged
beams with no steel stirrugsminimum amount of steel stirrupand about 2.3 times the minimum
requiredsteel stirrups. When subjectedathreepoint loading, it was observed that in the beams
without stirrups and wrapped witinelayer of FRP, shear capacity increased by 6B#hilarly,
for the beams without stirrups but wrapped wtio layers of FRPthe capacity increased by 98%
In another experimental study by Chaallal efE898)oneight1300 mm(51.2 in.)long RC beams
with 150 mm x 250 mng5 in. x 9.8 in.)cross section, two differemtrientationsof FRP were
applied for shear strengthening. One set of FRPs were apglipdndiculaand another sdtad
FRP strips at 135 de glaselbe appicatibnhoEFRBsaesuttédsnthe o n g i
reduction of the severity and the extent of shear cracks leading to increased shear strength and
stiffness. Further, diagonal strips provided better stiffness increase compared to the vertical strips.
Additionally, there have been few studies related to FRP strengthened RC diaphragms. The
following paragraphs discuss each study or applications.

del Rey Castillo et al(2019)discussed two examples of floor diaphragm strengthening
systems usinggFRP and identified the knowledge gaps and subsequent research opportunities in
this subject.One of the structures was a building in Wellington, Négaland with precast
concrete columns for gravity load resistance, precast walls for lateral load @si@taha hollow
core concrete flooring system connected to a perimeter beam. The hollow core flooring system
includeda 200 mm(7.9 in.)thick precast slab with 50 m@d.97 in.)topping and #5 wires in a

square mesh ddix inches As the flooring systemid not satisfy the capacity requirements in
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tension due to inadequate reinforcemtrgprthogonal grid of FRP stripsasused for the tension
strengtheningas shown irFFigure 2-7. The FRP strips were bonded to the slgipitog, and ests
were conducted onsite determine the strain and tensile capacity of the-ERédncrete bond.
Anchors were provided throughout the perimeter in ordaatwsfer loads from the FRP strips to
the beam. For the anchor system, the FRP strips were bonded to steghptatbs plates were
embedded in the concrete topping. They were further anchored to the beam usingtaited

adhesive anchors.
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Figure 2-7. Layout of the main FRP reinforcementin the first example diaphragm(del Rey
Castillo et al. 2019)

Another strengthening was conducted on a heritage building in Auckland, New Zealand
which consisteaf perimeter RC walls as LFRS aadhollow core flooring system. The concrete
slab was found to be deficient in transferring tension forces to the RC walls based on seismic
analysis. The strengthening approach was similar to the previous example. FRRvstep

provided in two orthogonal directions and anchored to the perimeterasatsown irFigure2-8.
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In contrast to the steel plates and pastdled adhesive anchors for the first building, bundles of
fibers soaked in epoxy were used as ancghangch were embedded into a predrilled hole and also
bonded to the FRP strips. Additional FRPs had to be provided as the concrete below the concrete

was faind damagedand the steehascorroded.

7f6 anchors

Figure 2-8. Floor plan and FRP configuration ofthe second exampleiaphragm (del Rey
Castillo et al. 2019)

Based on the onsite testing for strain and strength of thecBRétete bondhe current
provisions of ACI 44®R (2017) and CNRDT200 (2013) were deemed to banreliable in
determiningthe bond strength and strain of FRPPconcrete in floor diaphragm applicatiofifie
authors identified research needs relatedeteetbping more accurate models for predicting load
transfer through FRP bonding, clarifying the influence of anchor parameters on this transfer,
exploring alternative anchoring techniques, and advancing the understanding of FRP strengthening

strategies foRC diaphragms
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Ormeno et al(2019) presentedhe design and analysis tife diaphragm and design of
FRP retrofit of an irreguldy shaped hollowcore concrete slab ia supermarket building in
Wellington, New Zealandwhich was discussed as a first example in the previous studglby
Rey Castillo et a2019) Theequivalentstatic methodavas used to determine the seismic demand
and thediaphragmgrillage methodvas used for the analysis of the concrete. The analysis results
showed that while the diaphragm had adequate compressive capacity, it did not have adequate
tensile capacity. The buil dingbs Uffivepencant e Li m
of the New Zealand building code requirement for a new building. The reinforcementwhesh
provided the tensile capacitywas deemed inadequasad the need for global strengthening was
identified.

In-situ shear tests were conductedbdain the debonding capacity thie FRP sheet in a
sheartear configuration. 200 mr{v.9 in.) wide and 1 mm(0.039 in.)thick carborFRP strips
bonded to the slab were used for the tests. Three different bond lerigiisnm(19.7 in.) 800
mm (31.5 in.) and 1200 mn§47.2 in.)i were used. The test results showed that while increasing
the bond length from 500 mif19.7 in.)to 800 mm(31.5 in.)increased the tensile capacity,
increasing the length from 800 n(@.5 in.)to 1200 mm(47.2 in.)did not incrase the capacity.
The development length for the FRP strips using ACI 44(RPR7)was 103 mng4.1 in.)in order
to ensure that FRP strips achieve effective stress. The bond leng@0ahh@(39.4 in.)was used
instead as the larger bond length allows FRP strips to achieve stresses. Furthermore, in the case
of strain, the average effective strain based on the test results was 0.615% which was 1.5 times the
strain computed using the A@#0.2R(2017)equation. The strain data from the test results were
used. The authors thus recommended conductisfurests to verify the ACI 44PR (2017)FRP

design procedure for tension based on the comparison of their data.
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Aryan et al. (2023 conductedan experimental study on five beasapported RC
diaphragmseach 4570 mn§180 in.)long, 1525 mn(60 in.)wide, and 102 mmn(4 in.) thick, to
investigate the effect of FRP strengthening in RC diaphrageeFigure 2-9(a). One of the
specimens seed asareferenceand the other four were strengthened iplane shear witbarbon
FRPs andglassFRPs.In the unretrofitted specimen, transverse steel bars were used as shear
reinforcementand in the retrofitted specimeasingle layer oFRPs placegerpendicular to the
longitudinal reinforcementvas added. The specimens varied in terms tfe type of FRP
reinforcement, the width of the FRP plies, dhd side othe application. Of the four retrofitted
specimes, two of them used carbon FRP with taifferent stiffnesses of 73770 N/mif10700
ksi) and 98181 N/mrfi(14240 ksi) each 76 mn(3 in.) wide and 1.02 mn(0.04 in.)thick. The
two glassFRPs hae the same material propes and geometrya thickness of 1.02 mnf0.04
in.), awidth of 152mm (6 in.), anda stiffness of 26680 N/mA(3870 ksi).However, one of the
specimens had FRP applied to only one ,siael the other had FRP applied to both sidés
FRPs were bent at the ends of the diaphragm to forrate@e and bonded through thagtiragm
thickness. For FR$on two sides, this resulted ihe overlapping of the FRPs from two different
sides along the diaphragm thickneas shown irfrigure2-9(b).

Under inplane cyclic shear loadinthe control specimen exhibited a shear capacity of 592
kN (133 kips)in the push direction and 514 KM16 kips)in the pull directiopnandthe diaphragms
reinforced with FRP displayed greater peadtoarrying capacityand ductilityin both directions
compared to the control speciméFhe increase in strength ranged from 23% to 40% in one
direction of the loading and 33% to 47Adhe other direction of the loadinfhe control specimen
failed due toconcrete diagonal shear cracks. Similarly, the BSRengthened diaphragms

developed diagonal shear cracks during testing; however, their failure stemmed from either
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delamination of the FRP composite followed by concrete diagonal shear,fadstgownn Figure

2-9(c), or concrete crushing beneath the load application point. Notably, concrete crushing
occurred in the specimen reinforced with FRP on both skdether, the transverse reinforcement

in the strengthened specimens experienced a lower strain comparetkeferiggce specimen due

to the contribution of external FRP reinforcement.
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Figure 2-9. Experimental specimens(Aryan et al. 2023.
Hutton (2023) conducted an experimental study to investigate the shear behaR@ of
diaphragms strengthened using externally bonded FRP. The study consisteidoi-sixh-thick,
10 ft x 8.5 ft cantilever RC diaphragiioors supported by beams, concrete pedestals, and shear
walls as shown irFigure 2-10. The specimens were designed to represent the diaphragm shear

zone adjacent to a shear wall in a concrete building. One specimen was an unstrengthened
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diaphragm deficient in sheawhich served as a control specimen. The five other diaphragm
specimens were strengthened with various arrangements of externally bonded FRP and FRP
anchorages. The compressive strength of concrete ranged from 3670 psi to 4760 psi. The minimum
amount of raiforcing steelaccording to ACI 31§2019) was provided in the diaphragm field.
The beams were desiggh to remain elastic, and the shear wall was designed for twice the load
capacity of the actuator. The FRP layouts for each specimen are shbigar@2-11 of which
CD5 was glas$RP, while the rest of them were carb&RP. Each retrofitted specimen was
designed to incorporate four FRP sheets with individual ply stiffpesslorgitudinal strain
00 QOiGE"@d & EDY F Q0 WEE "Q 3@ a2 QOO "Q @) & @f approximately
4000 kips(in./in.). The FRP sheets were bonded to the top surface of the diaphragm and anchored
at the ends. The retrofit configurations incorporated different FRP materials, ply width, ply
spacing, ply orientation, and anchorage.

The diaphragm specimens were subjectedverse cyclic displacement loading applied
from an actuator that transferred thepiane load to the specimen through loading channels. The
results demonstrated that the FRP strengthening approach led to an increase in both the shear
strength and stiffness the test specimens. Specifically, a 38% increase in strength was observed
in specimens strengthened with FRIwe global envelope curves as load vs shear aargle
provided inFigure2-12. The control specimen experienced diagonal tension shear faihdaé¢he
retrofitted specimens experienced FRP debonding initiated in the major diagonal shear crack
region. The configuration in which the strongsaaf the FRPs was oriented parallel to the applied
shear was found to be effective in increasing strength, whereas the configuration with the strong
axis of the FRPs oriented perpendicular to the applied shear was found to be effective in enhancing

ductility. The in-plane diaphragmstrength in the perpendicular retrofitting technique was
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measured at 75% of the strength of diaphragms with the parallel retrofitting scheme. Additionally,

the contribution to shear strength was found to be influenced by tbétretirface coverage. For

the same stiffness of FRP per unit length, higher coverage with wider strips offered better control

of shear cracks and higher strength compared to less coverage with narrower strips. Moreover, the

presence of intermediate anchoesulted in localized failures, leading to a significant reduction

in the diaphragm's deformation capacity. The analysis baseddified compressioriield theory

provided reasonably accurate predictions of the peak strength of thedsfie&nt diaphagm.

Also, for a known debonding strain of FRP, the equations for the shear design of FRP in ACI 440

2R (2017) offered reasonable predictions for the shear strength contribution freamaikt

bonded FRP with the strong axis parallel to the applied shear.
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Figure 2-12. Global envelopecurves (Hutton 2023).
2.5.3Shear Design of FRR Guidelines and Practices
Several researchers have proposed analytical models to estimate the shear resistance for

RC members strengthened with externally bonded FRP laminates based on R(Kiedifaset

al. 1998; Triantafillou 1998; Chen and Teng 2003b; Monti biotta 2007a; Lee et al. 2017)
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Belarbi and Acun(2013) classified the modelsmto four groups: the first group relies on an
empirical value for the limiting stress/strain corresponding to the failure of the strengthened
member, the second group is based on the determination of effective FRP strain mostly associated
with the debondig of FRP, the third group takes into account the-unuiformity of strain
distribution in externally bonded FRPs while the last group is based on mechanics based theoretical
approaches. Of these, tismple analytical models determine the contributionegfernal
reinforcement to shear capagcity which the shear reinforcements are treated in analogy with steel
stirrups with allowable straimmostly based on the experiments with the maximum value equal to
the tensile rupture stra{firiantafillou 1998) ACI 440.2R(2017)also adopts this simple approach

the details of which are provided in Chapter 11 of the document. Even though the shear provisions
are based on beams or columns, uthe lack of other guidance, this document has been used by

practitionergdDhakal et al. 20223and is discussed in the following section.

ACI 440.2R-17 Shear Design Method

ACI 440.2R(2017)provides general design recommendation&RIP shear strengthening
on RC beams or columnsased on limit state design principlaad strengtliserviceability
requirements in ACI 318019) The FRP design guideline mainly takes into consideration the
tensile capacity of FRP arite strain compatibility between FRP and concr&everal factors
such as FR®rapping schemes, beam or column geomeing existing concrete streng#ifect
the shear strength contribution of FRP. Three different wrapping sche@asplete Wrap, 3
sided U Wrapand 2sidedWrapi are discusse(Figure2-13). However, in diaphragm&RPis

usually applied to only one side thie diaphragm(Dhakal et al. 2022)
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Completely 3-sided 2 sides
wrapped "U-wrap"

Figure 2-13. Typical wrapping schemes for shear strengthening
using FRP laminate(ACI 2017).

The required shear strength of the FRP strengthened member calculated using load factors
in ACI 318 (2019) should be less than the design shear strength of the strengthened concrete
member as given by ER-2), in which the nominal shear strength is provided by FRP, concrete
and reinforcing steel as specified in.E&3). For diaphragms, the contributions from concrete

and reinforcing steareprovided by Eg. (2-4) and(2-5) are based on the ACI 318019)

e O 2-2)
N (2-3)
06 @D (2-4)

o " Qb (2-5)

wherew is the nominal shear strengthtbé FRPstrengthened concrete memheris the required
shear strengthyp is the nominal skar strength provided by concrete,is the nominal shear
strength provided by reinforcing steel,is the nominal shear strength provided by FRPis the
FRP strength reduction factor accountiiog bond reliability _ is the modification factor for
lightweight concrete;Gis the compressive strength of concreie, is the gross area dhe
concrete diaphragm sectidn, is the ratio otthe area of distributed transverse reinforcement for
in-plane shear to thgross concrete area perpendicular to the reinforcef@gatthe yield strength

of reinforcing steel

The FRP contribution to the shear strength,in Eq. (2-3) is calculated from the force

from the tensile stress in the FRP acm@ssack in the member. Thusg. (2-6) for @ incorporates
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the FRP fiber orientation and crack pattefhe dimensional parameters involved are illustrated

in Figure2-14. The reduction factgr for the shear strength of FRP is based on the type of FRP
scheme incorporated. The valueg offor completely wrapped members is 0.95 and for three

side scheme and twappositesides schemes is 0.85. The ACI 2R (2017)does not provide
any recommendation for the FRP applied to only side

0 Qi TE WEFQ
w i (2-6)

where0 is the area of FRP shear reinforcemefd, is the tensile stress in the FRP shear
reinforcement, istheangle of application of FRP direction relativehelongitudinal axis othe
member;Q istheeffective depth of FRP shear reinforcemeéntis the centeto-center spacing

of FRP strips

h

> | l-:—u‘:.r

Figure 2-14. Dimensional variables used in the calculation of FRP shear streng{ACI
2017)

The area of FRP shear reinforcemént , for members with rectangular cressctiors
where FRP is applied to one sidan be computedsingEq. (2-7)
0 €00 (2-7)
where= is the number dfyers of FRP¢ is the thickness of each ply of FRP andis the width

of each FRP strip

The tensile stress in the FRP shear reinforcem@nt depends on the effective strain

developed in the FRP shear reinforcement at nominal strengtland is given b¥g. (2-8). The
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effective strain is the maximum strain in FR®ich corresponds to the critical failure mode of all
the possible failure mode3he ACI 40.2R (2017) provides guidance for determining the
effective strain for the two casexompletely wrapped members and bondedrdps or bonded
face plies usindegs. (2-9) and(2-10) respectivelyFor the complete wrap case, loss of aggregate
interlock in the concrete is suggested as the critical failure mode. Thus, the strain is lintited by
strain associated with aggregate interlock in concrete insteihe oftimate FRP strains. Ithe

case of bonded Wiraps, the delamination of FRP fromtoncrete substrate is suggested as the
most likely critical failure mode. Subsequently, the effectstiain is limited by the strain
associated with delaminatiomhese empirical equations for effective strains are based on FRP

pull tests conducted biyhalifa et al.(1998)

W O- (2-8)
- MIMTT T b (2-9)
- I - TSI T T (2-10

whereO is the elastic tensile modulus of FRP; is the ultimate fiber strairt is the bond
reduction coefficient

The bonddependent coefficient for shedr,, which can be calculated with E(-11)
depenihg on the active bond length, , the concrete modification factof, and the wrapping
scheme moditation factor,Q. These variables can be determined \Efs.(2-12), (2-13), and

(2-14) or (2-15) respectively.

, Qoo & U (2-11)
T Q-y
. CUTT
— 2.12
t0o0 ° (2-12)
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" ¥
- (2-13)
T TTTTTT
a0 o
0 “— 5 x0ADO (2-14)
Qb
Q TCOon/Mo AAA (2-15)

Further, the total shear strength from FRP and steel shear reinforcements has been limited
based on Eq2-16)
O O Yo Q (2-16)
Despite the practice of using the equations associated with the bowdegh&for the case
of thediaphragm, a panel of industry expemsFRP recommends FRP effective strain of 0.15%
(Dhakal et al. 2022)This limit isexpected to precludetermediate cracknduced debonding, loss

of aggregate interlock concreteandwide cracks from higiieinforcing steel stram

2.6 Numerical Modeling of FRP Strengthened RC Diaphragms

FE analyses play a crucial role aomplementing experimental research by dffgr
valuable insights into structural behaviBor example, in concrete structures, FE analyses could
reveal the process of crack formation and propagation, limit states and failure meshstnésns
and deféctions which might be difficult to obtain from experimentdoreover, numerical studies
enable the examination of a system's sensitivity to various parameéigris might be challenging
considering that experimental studies reqaigeeatnumberof reurces.

Numerical studies otineshear behavior of RC structures strengthened with FRP are widely
based on beam&odat et al. 2007)Similarly, existing numerical studies on RC slabs focus on
the effects of oubf-plane loadingi.e., slabs subjected to loading in the direction perpendicular to

their plane(Pacoste et al. 2012; Genikomsou and Polak 20EMehisly et al. 2022)Further,
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numerical studies on shear walls reinforced with FRPs are also ava{lablani and
Kohnehpooshi 2018put wlike diaphragmsshear walls resist axial loads in addition to the in
plane shear loagdand shear walls transfer the shear loads from floors to the foundatiere
have been very few numericaludites on the behavior of RC diaphragms without FRPs
(Nakashima et al. 1981; Marini et al. 2008; KhajehdetliRanahshahi 201,6yhich are discussed
further in the subsequent paragraphseredo not appear to be any numerical studies on the
behavior of RC diaphragms strengthened with FRP.

Khajehdehi and Panahsha2i016) conducted a FE studyto investigate the effect of
openings on the #plane behavior of RC slabsitially, a nonlinear 3D FE model of a slab panel,
as per Nakashima's experimental stfdigown inFigure 2-5) (Nakashima et al. 1981was
validated against experimental results using the ANSYS commercial FE préggame2-15(a)
shows the geometry of the panel modeled in the FE prog@haenmodel employed an eighbde
concrete brick element capable of cracking and crushing for concrete and an axial element suitable
for discrete modeling of the embedded reinforcing bars for reinforcement steel. A mesh size of
152mm x 152 mm was used. Arfext bond was assumed between the concrete andlsteel.
load and dead load were applied in the@fyplane direction, while kplane loading was applied
monotonically along the edge beam parallel to the viak. concrete material model incorporated
parameters such as shear transfer coefficients, uniaxial tensile and compressive constitutive
relationships, hydrostatic stress, biaxial crushing stress, and stiffness multiplier for cracked
conditions The input tensile behavior of the concrete is showhRigure 2-15(b). Steelmaterial
was modeled with an idealized bilinear streBsain relationshipNonlinear static analysis using
the NewtorRaphsormethod was conducted. The FE analysis resulted in thedispthcement

curve with initial stiffness higher compared to the experimental resiitan be seen Figure
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2-15(c). This was attributed tthe loss of strength and stiffness due to shrinkage cracks and
accidental damage incurred by the experimental spedaefeneloading.This slope was verified

against the stiffness calculated using thieual work method, assuming the siahs a deep beam.

The FE model was used to investigate the effect of opening with different opening sizes (6.25%,
14%, and 25%) andoncluded that as opening sizes increased, the effect-of-pldane loading

on inplare capacity diminishedeveral events throughout the loading are mentioned in the plot

in Figure 2-15(d). and the comparison of results for different openings is providédgumre

2-15(e). Additionally, in slabs with openingghe yielding of bars at corners significantly
influenced slab behavior and failure mechanisms. Thus, any slab strengthening techniques may be

more effective if they prioritize reinforcement at corners.
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(a) FE moctl geometry
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Figure 2-15. FE details (Khajehdehi and Panahshahi2016).

Marini et al. (2008) coducted norinear finite element analyses to explore the viability
and effectiveness of reinforcing existing diaphragms aityer of steel fibereinforced concrete.
Their study compared the results fréfi analyses for a 20 mif0.79 in.)thick concreteslab
reinforced with steel fibers against a 50 i®7 in.)concreteslab reinforced with welded wire

mesh. In both models, the bending resistance was provided by chord beardmphragmwere
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subjected to an #plane uniformly distributed load andere represented as a twibmensional

plane stress modehs shown irFigure 2-15(a). The models employed eighbtde quadrilateral
isoparametric plane stress elements with embedded reinforcement, adopting the smeared crack
approach to model concrete cracking.

The stress verack opening relationship of plain concrete was represented by a nonlinear
law, while for the postracking residual strength 6ber-reinforced concrete bilinear law was
adopted(Figure 2-15(b)), and fracture energy was calculated according to the-EIEBViodel
Code 1990. The behavior of concrete under uniaxial compression followed the constitutive law
proposed by ThorenfeldseeFigure2-15(c). Ordinary steel reinforcement was represented using
the isotropic plasticity model with strain hardening based on the Von Mises criterion.

Increasing ditributed loads were monotonically appliethd load-displacement plots,
crack patterns, and principal strain in concrete and steel elemergscomparedor the two
strengthening techniques. In all RC diaphragms, the maximum resistance corresponéed to th
yielding of chord bars under bending. Notable observations included the progression of shear
cracks towards the panel migpan as chord rebars yieldatllarger displacements, leading to
decreased structural stiffnef®oint d in Figure 2-15(d)). Additionally, the increase in fracture
energy of concrete with the addition of steel fibers delayed crack propagation and avoided shear
failure. The structtal behavior was characterized by an initial "deep beam behavior" in the small
displacement field, transitioning to an "arch behavior" for larger displacements, during which
macracracks localized and advanced towards the spah. In the arch mechanisrettie effect

of rebars irnthechord under tension provided resistance.
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Figure 2-16. FE details (Marini et al. 2008).

2.6.1FE considerationi Concrete-FRP Interface

The FRPconcrete bond interface plays a critical role in transfersingsses from the
strengthened structure to FRP.id transfer of stresses allowstbomposite actiobetween the
two componentd=RP debonding has been found to be one of the most common failure modes in

concrete structures bonded with ERfeluding digghragmgAryan et al. 2023; Hutton 2023)he
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two mast commondebondingfailure modes of FRP strengthened RC members have been
identified as (a) Peelingff or End debonding and (b) Intermediate crack induced debo(arg

and Leung 2007)The end debonding begins near the FRP end due to the high shear and normal
stress concentrations and progresses in the concrete. In intdemaeleonding, failure starts
around a major shear or flexural crack. High interfacial stresses induced in the vicinity of the crack
lead to the debonding of the FRFhich then spreads towards the stregss FRP endSome
studieghatassume a perfect bdtetween the concrete and FRP have shown that this assumption
results in results with higher stiffness and strength. Futthisrsimplified assumption might lead

to incorrect failure mechanismas FRP debonding would not be possible. The bond stlipss

relationship could be used to simulate the interface and the corresponding debonding.

2.7 Topology Optimization of FRP Layouts in Concrete Structures

Several studies have investigated the optimization of concrete structures strengthened with
FRP.However, m studies have focused on the optimization of the RC diaphragm strengthened
with externally bonded FRBruggi and Talierci@g2013, 2015gxamined the optimal strengthening
of plain concrete beams under flexure, square plain concrete panels under shear, and concrete
plates with FRP. Their work was motivated by the tgwment of design tools capable of
identifying optimal reinforcement layouts, rather than relying on intuitased FRP design.

Pham et al(2015)conducted an experimental program on 33 concrete cylinders (6 in. diameter
and 12 in. height) confined with glass FRP and carbon FRP using different wrapping schemes to
investigate the confinement and failure mechanisms of columns. They proposedi@faon
wrapping scheme that achieved higher compressive strength and strain compared to an equal
amount of fully wrapped FRP. Chisari and Bed2616)introduced a genetic algorithiinased

optimization procedur#or the seismic retrofit of RC buildings using FRP jacketing. A case study
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on a threestory, threebay RC frame demonstrated that the optimized retrofit design maximized
frame ductility while minimizing the required FRP volumfereview of existing studiesn the
optimization of concrete structures by Stoiber and Krom@&21)has shown the implementation

of the optimization process in concrete desilytore recently, Ramadannd Elgendi(2023)
provided a review of optimization algorithms applied to FRP in civil engineering structures,
identifying their use in RC beams, columns, and frames with externaltiebdd=RPFischer et al.
(2023)applied topology optimization to steel deck diaphragms subjected to lateral loads to identify
layouts that maximize #plane stiffness. The optimized diaphragm layouts were then interpreted
into practical, constructible designs. Their findings showedttiebptimized layouts achieved
the greatest stiffness, the interpreted designs exhibited greatiamim stiffness than traditional
configurations, and the traditionally designed diaphragms were the most flexible.

Bruggi et al.(2013)implemented a gradieifitased topology mtimization approach using
mathematical programming to determine optimal layouts of externally bonded FRP on masonry
walls subjected to Hplane loading. The objective of the optimization was to minimize FRP
volume while constraining masonry stresses, ragsyl perfect bond between FRP and masonry.
The numerical optimization framework was validated against experimental results from diagonal
compression tests available in the literature. The validated approach was applied to two masonry
panels: (i) a squareapel measuring 12 in. on each side, and (ii) a square panel of the same size
with an opening measuring 3 in. x 6 in. Optimization was performed using a 0.008 in. thick FRP
layer with a fiberdirection elastic modulus of 23,000 ksi. For the panel withowpeming, the
optimal layout included both horizontally and diagonally oriented FRP. Importantly, the study
demonstrated that the optimized placement identified by the mathematical approach differed

significantly from layouts typically determined by eng#neg intuition.
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Chaves and Cunha (2014dpplied densitypased topology optimization to identify the
optimal regions focarbonrFRP reinforcement in an-thapedRC slab, aiming to reduce material
usagewhile maintaining structural performanckhe slab wag inches (10 cm) thick, shaped,
and subjected to a uniformly distributed surface limdhe outof-plane direction In the
conventional desig(shown inFigure2-17(a)), FRP was applied uniformly across the tension zone
T as typically done in practidet o i n cr e a s ecartyihgecapacitydrond8g psf (4 ki/fin?)
to 178 psf (8.5 kN/m?2).

The study demonstrated the efficiencyoptimization glided FRP placemenfshown in
Figure2-17(b)) with minimal change in structural performance measured in terms of deflection
The optimization objectivevas to minimize mean compliance, thereby maximizing the overall
stiffness of the structutey selectively removing 50%, 70%, and 90% of the FRP matgraied
uniformly on the surface dheslab. The optimization results for different FRP ameané shown
in (shown inFigure2-17(c)) where the FRP material is indicated in red cdtor.the final design
based on optimization results, the cami@nal layout was refined by retaining FRP in the required
regions as indicated by the optimization resultss refined layout led to a 50.3% reduction in
FRParea, decreasing from 81.8 ft2 (7.6 m2) to 40.5 ft2 (3.76 m2), while producing only a marginal
increase in maximum deflectipfrom 0.783 inches (19.88 mm) to 0.794 inches (20.18 mm).
However, he ultimate strength or failure capacity of the conventional versus optimized

reinforcement layouts.
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Figure 2-17. FRP layouts appliedto RC slab inthe study by Chaves and Cunha (2014).

Fischer et al(2023)applied topology optimization to steel deck diaphragms subjected to
lateral loads to identify layouts that maximizeplane stiffness. The optimized diaphragm layouts
were then interpreted into practical, constructible designs. Their findings showethehat
optimized layouts achieved the greatest stiffness, the interpreted designs exhibited gpéater in
stiffness than traditional configurations, and the traditionally designed diaphragms were the most

flexible. However, no studies have focused on fhinazation of the RC diaphragm.

2.8 Summary of Literature Review
Despite experimental and analytical studies demonstrating the effectiveness of externally

bonded FRP in enhancing theplane shear capacity of RC diaphragms, several challenges remain
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unresolved. Currentode anddesign guidelines, such as AG1819 (2019) ACI 440.2R17

(2017) and ACI PRG440.223 (2023) arebased orbeam and column applications and fail to
capture the distinct behavior of diaphragperticularly regarding strain development, debonding
mechanisms, and anchorage performance. Experimental findings cohsisteaal that these
provisions inadequately predict bond strength and effective strain, necessitaingt@sting or
modified approaches for reliable design. Moreover, most experimental studies have focused on
isolated specimens rather than captuspstemlevel diaphragm behavior under seismic loading.
Numerical models, while valuable, are limited either toafyplane slab behavior or ndfrRP
retrofitted diaphragms, with very few tailored to simulate the complex interaction between FRP,
concrete, ad reinforcement in strengthened diaphragms. In practice, FRP application strategies
are often driven by ease of implementation rather than structural demand, leading to widespread
but nontargeted reinforcement. Although optimization methods have bedredpp general

slabs, no studies have addressed the targeted placement of FRP in diaphragms. This synthesis
highlights the critical need for diaphraggpecific experimental data, advanced numerical tools
that capture realistic failure modes and Fé&iAcrde interface behavior, and desigracticeghat
prioritize targeted strengthening of critical regions. Addressing thesecgapgsay a key role in
developing effective, efficient, and performanntormed FRP retrofitting strategies for RC

diaphragmauncer lateral loading.
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Preface toChapter 3

This chapter is based on the manuscript tifiecBEi ni t e EIl ement Anal ysi
Concrete Diaphragms Strengthened with Externa
Matthew R. Eatherton, and Eric Jacques, submitted to Engineering Structures in Mardrh2025.
manuscript is currently under riew.

The dissertation author was the primary contributor to the conceptual development,
numerical modeling, data analysis, and manuscript preparation. Dr. Matthew R. Eatherton and Dr.
Eric Jacques supervised the research and contributed to the concatiwmalinterpretation of
results, and manuscript editing.

Units are presented in the English-[lin system to maintain consistency with the rest of
the dissertationThe original manuscript was preparedhe Sl unit systemso the units are also

presened inthe S| system inside parentheses.
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Finite Element Analysis of Reinforced Concrete Diaphragms Strengthened with
Externally Bonded FRP Sheets

Pratiksha Dhaka) Matthew R. EathertdnEric Jacque's

Abstract

A set of experiments was recently con@uicon reinforced concrete diaphragm specimens
retrofitted with fiber reinforced polymers (FRP). Due to inherent limitations associated with the
size and distribution of instrumentation in the experiments, it is not pgsbidded on the
experimental datalone, to understand the mechanics of force transfer and interaction between the
concrete, reinforcing steel, and FRP. Instead,-eadlbrated and validated finite element models
can serve to elucidate aspects of the diaphragm behavior that would cadtdiffinot impossible
to understand from a physical test. In this study, numerical modeling strategies for capturing
reinforced concrete diaphragms strengthened with externally bonded FRP are developed, validated
against experiments, and used to evalsaecimen behavior. A concrete damage plasticity model
was adopted for the concrete, and the sensitivity in the response due to modeling parameters such
as concrete dilation angle, fracture energy, and viscosity parameter was investigated. Additionally,
a study was conducted to understand the simulation of FRP debonding using-badede

cohesive bonding behavior. The findings were then implemented to model six experimental
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diaphragm specimens. The analysis results were compared with and found tebccaptire
the experimental results in terms of ledidplacement behavior, crack patterns, and failure mode.
Then, the mechanism for how FRP interacts with concrete and reinforcing steel was investigated
using the finite element models, and the contrdyubf each component to the shear strength of
the diaphragm was quantified.

Keywords: Diaphragm, finite element modeling, fiber reinforced polymers, shear

strengthening, reinforced concrete

3.1lIntroduction

Diaphragms, chords, and collectors are critical ponents of the lateral load path,
distributing horizontal lateral loads at the floor level and transferring them to vertical elements of
the lateral force resisting system, such as moment frames or shear walls. The diaphragms in a
building may require retfit when the moment frames or shear walls are relocated due to
renovations, when there are new penetrations in the slab, or in older buildings when deficiencies
in the diaphragm load path, strength, or ductility are disco@bédidat et al. 2011 Nonductile
reinforced concrete (RC) buildingenstructed prior to the 1970s are particularly susceptible to
requiring diaphragm retrofitas they were constructed prior to the adoption of modern seismic
design codes that incorporated the first diaphragm design provigerasci et al. 1997;
Gkournelos et al. 2021; Kam and Pampanin 2008)

The use ofFRPto strengthen diaphragms is widely used in practice because of the reduced
mass and less intrusive iaBation than traditional methodsuch as adding concreg@hakal et al.
2022) However, there is limited research on the topic and even less guidance in design codes.
Aryan et al(2023)tested five 180 in. (4570 mm) long, 60 in. (1525 mm) wide, and 4 in. (102 mm)

thick simply supporte@RC diaphragms, finding that the FRP retrofit increased the shear strength
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by about 25% to 50%, with carbon FRP retroftiswing higher ductility than glass FRP. Three
retrofitted specimens with FRP applied to one side failed due to debonding, starting at diagonal
shear crack locations. Hutton et @025)testedsix 102 in. (2590 mm) long, 120 in. (3048 mm)

wide, and 4 in. (102 mnBC cantilever diaphragms &xplore how externally bonded FRP affects
in-plane shear behavior. The addition of FRP enhanced both the stiffness and the shear strength of
the RC diaphragms. The peak shear strengths were associated with intermediated acack

FRP debondingnitiating at diagonal tension cracks. The retrofitted specimens exhibited cracks
that were more distributed and smaller vidth, with greater surface coveragenproving
effectiveness. To prevent brittle FRP rupture due to-owastraint, a minimum clear spagi

between sheets and the use of intermediate analasrecommended.

Continuumbased finite element (FE) analysis is a valuable tool for examining the behavior
of complex structures, particularly in the case of diaphragmiere conducting fulscale
experiments is challenging due to their size and complefdisnold 2019; Erickson 20109;
Goodwin et al. 2019; Harries and Witt 2019hile numerous FE simulations have focused on
RC slabs subjected to eat-plane gravity loadgLabibzadeh 2015; Mosallam and Mosalam
2003) FE studies focused on theptane behavior of RC slal@se limited. Examples include
Nakashimg1981)and Khajehdehi and Panahshgtl16) who developed and validated nonlinear
FE models to predict slab behavior subjected to befilane and oubf-plane loads. To the best
knowledge of the authors, no computational studies were found in the literature that examined the
behavior of RC diaphragms strengthened with FRP.

The strength oRC elements retrofitted with externally bonded FRP is often liniig
failure modes such as FRP debonding, FRP rupture, or anchor félires and Teng 2003a;

Teng and Chen 2009pebonding of FRP can occur in several modes, including cover separation,
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plate end debonding, intermediate (flexure) crackuced debonding, and critical diago(stiear)
crackinduced debondingLu et al. 2005) RC beam and diaphragm specimens with FRP shear
strengthening have experienced craukuced debondingHutton et al. 2025)Only a few
numerical tudies on concrete members address debonding behasiat is challenging to
accurately model the FRébncrete interface properti€blaser et al. 2021)Many numerical
investigations on FRBtrengthened concrete members assume a perfect bond between FRP and
concrete(Hu et al. 2004; Ibrahim and Mahmood 2009; Kachlakev et al. 2@0dyever, this
approach does not allow simulation of the debonding phenomena and results in an overprediction
of strength and stiffness. Some numerical studies that include théobbadior were conducted
on FRRstrengthened concrete beafhisl et al. 2004; Ibrahim and Mahmood 2009; Obaidat et al.
2013) Obaidat et al(2013)conducted an FE study based on RC beams retrofitted with carbon
FRP to increase shear strength. The FE study used two different approaches for tife)laond
perfect bond and (kg cohesive zone model. For the interface bonding case, cohesive elements
representing an interface with a bilinear besigh relation prescribed by Lu et d2005)were
used. Following calibration, the interface modeling was able taue@phe intermediate crack
induced debonding observed in the experiment. Despite these advancements, the numerical
simulation of FRP debonding behavior in concrete diaphragms remains underexplored and
warrants further investigation.

In the current study,EEmodels are used to simulate RC diaphragms with externally bonded
FRP subjected to iplane shear, and then the models are used to investigate aspects of test
specimen behavior not accessible from the experiments. The models were created in Abaqus, a
comnercial FE analysis software, employing the bdiilt concrete damaged plasticity (CDP)

model for concrete, along with a surfdu@sed cohesive tractieseparation law for the FRP bond
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and FRP anchors. The model was first calibrated to match key responsesfed a baré&kC
diaphragm tested by Hutton et @025) then extended to the case of specimens strengthened with
carbon FRP (CFRP) and glass FRP (GFRP) composites mechanically anchored with FRP anchors.
The FE simulation results are compared against the experiments in terms of laadnghe FRP

strain, damage progression, and crack patterns. The model was then used to investigate the
mechanism by which FRP contributes to RC diaphragm shear strength. The goals of this
computational study are to better understand the shear behakiRPatrengthened diaphragms,

clarify the influence of FRP anchors on bond behavior, and offer new insights into how concrete,

steel, and FRP each contribute to shear strength.

3.20verview of Past Experiments Used in This Study

Six RC cantilever diaphragm specimens, subjected to reveysdid loads byHutton et
al. (2025) were used to calibrate and validate the numerical models in this study. The test setup
and typical details are shown kigure 3-1, while specimen details are given in TaBlé and
Figure 32. The specimens simulated the portion of a diaphragm span immediately adjacent to a
shear wall. Specimen CD1 was an unretrofitted control specimen, while the other five specimens
were strengthened with different arrangements of externally bonded FRP arahéiRiPages as
described inrable3-1 and shown irFigure 32.

The halfscale test specimens consisted of a 4 in. (102 mm) thick, 120 in. (3048 ahen) wi
and 102 in. (2591 mm) deep twaay slab supported by beams, concrete pedestals, and shear walls
as shown in Figure-3(a). The slab reinforcing consisted of two mats of orthogonal D5 deformed
steelwires @ = 0.25 in. (6.35 mm)A, = 0.05 in? (32.3 mn?)) spaced at 12 in. (305 mrognter
to-center in eachdirection with a 0.5 in. (12.7 mm) cover. ThB5 deformed wires were

geometrically equivalent to No. 2 deformed Haus had higher yield stress and lowaeictility in
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comparison with typical ASTM A615 reinforcildASTM 2024) The D5 reinforcing bars had
measured yield stresf, ultimate stressandelongation of 88.33 ksi (609 MPa), 93.55 ksi (645
MPa), and 3%, respectively, obtained as the agerof thmee tests conducted per ASTM A370
(2022) Two chord beams and an edge beam with their reinforcing detaghown irFigure 3-

1(b) were designed to remain elastic. Each diaphragm specimen was cast integrally2niith
(305 mm) thick, 3.24 in. (946 mmjall, heavilyreinforced shear wall segment along one edge of
the diaphragm that was restrained against translation in all directions. See Hutt¢aoesgior
details.Table3-2 summarizes the compressive strenfth,cylinder split tensile strengtfy, and
modulus of elasticitykzc, of concrete on the day of testing for each specimen.

The specimens were subjett® a reversed cyclic displacement history through a pair of
loading steel channels connected to a ségdraulic actuator. The steel channels sandwiched the
edge beam and were attached to the edge beam through five embedded plates spaced uniformly at
20in. (508 mm) This loadarrangement approximated a uniform distribution of applied load along
the centerline of the edge beam.

As detailed inTable 3-1 and shown schematically Figure 3-2, Specimens CD2, CD3,

CD4, CD5, and CD6 included various arrangements of externally bonded FRP with FRR.anchor
All specimens with FRP were designed to maintain an approximately constant FRP ply stiffness
of 4000 kips/(in./in.) (17.8 MN/(mm/mm}p facilitate direct comparison of resulfe first FRP
retrofitted specimen, Specimen CD2, was strengthened withaz yd (330 g/nt) CFRP applied

as 0.02 in. (0.508 mm) thick by 12 in. (305 mm) wide strips spaced at 24 in. (610 mm). Each strip
was adhered to the concrete diaphragm with epoxy and anchored to the concrete diaphragm at both
ends with 0.5 in. (12.7 mphdiameter anchors having @@gree, 12 in. (305 mm) long splays

embedded at an average depth of 4 in. (102 mm). Specimen CD3 was designed to investigate the
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impact of intermediate anchorage on diaphragm behavior. It employed a similar FRP configuration
asSpecimen CD2 but with the addition of two 0.75 in. (19 mm) diameter FRP anchors along the
length of strips to prevent the progression of debonding failure initiated at shear cracks. In
Specimen CD4, wider fabrics with low modulus were used such thaqitineakent axial stiffness

of the FRP was the same as the other specimens. Each strip was 21 in. (533 mm) wide and spaced
at 21 in. (533 mm), thus providing 100 percent coverage, with two 0.5 in. (12.7 mm) diameter
anchors on each end of each strip. Speci@B5 utilized FRP fabrics witahigher modulus but

less surface coverage. The strips were 7 in. (178 mm) wide and spaced at 25.7 in. (653 mm) with
one 0.75 in. (19.1 mnygiameter anchoat each end. Specimen CD6 was designed to investigate
the effect othe orientation of FRP by providing similar FRP as in Specimen CD2 and anchors as
in Specimen CD3but with FRP oriented perpendicular to the applied shear force. See Hutton et
al. (2025)for a comprehensive discussion of the design and detailing of the FRP schemes.

The experimental resulesented bydutton et al(2023)showed that the shear stiffness,
strength, and ductility of the diaphragms with FRP were all improved in unique ways compared to
the unretrofitted specimen. Somé these experimental observations will be discussed in
conjunction with the computational results in the subsequent sections.

An example of the cyclic hysteretic behavior is provideéigure 33(a) for Specimes
CD1 and CD2while Figure 33(b) shows theenvelopeplots for all the specimens. Prior to
cracking, the specimens exhibited an elastic response characterized by initial high stiffness. For
Specimen CD1, a flexural crack occurred at a load991 kips (222 kN) followed by a shear
crack at 67.45iks (300 kN)which led to a decrease in the stiffness. With further loading, diagonal
shear cracks continued to develop and grow. The specimen reached a maximum strength of 203

kips (903 kN) following which the primary diagonal shear crack widened fuytleading to the
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loss of aggregate interlock along the crack plane and fracture of the reinforcing bars spanning the
crack. In specimens with FRP, the load at which the initial cracking occurred, corresponding to
the load at which a decrease in stiffnsssbserved, is larger compared to that in Specimen CD1.
Diagonal tension cracks and edge debonding of the FRP sheets were observed with further loading.
Following the debonding of FRP from concrete at peak load, the strength of the specimen
decreased witthe loss of composite action associated with debonding. The strength and stiffness

of the specimens with FRP were larger than those of the unretrofitted specimens.

Table 3-1. Test matrix and retrofit details.

FRP Properties FRP Configuratior FRP Anchors
ID O . ~ O 0 i | Q
Type ks) 2D G0y n) () (deg. “DOUU (in) ©

CD1 No FRP - - - - - - -
CD2 9.7 oz./yd carbon 16700 216 0.02 12 24 O EndOnly 05 2
CD3 11.60z./ycf carbor 13900 143 0.02 145 232 0 Int+End 0.75 4
CD4 27 oz.lydglass 3730 66 005 21 21 0 EndOnly 05 4
CD5 17.7 oz./ydcarbor 14240 180 004 7 257 0 EndOnly 0.75 2

CD6 9.7 oz./ydcarbon 16700 216 0.02 12 24 90 Int.+End 0.75 4

Er = Elastic modulus of the composite along the fiber directigns ftensile strength of the
composite,ft= thickness of FRP strip,sw width of FRP strip,;)ss ¢/ ¢ spacing of FR
orientation of FRP clockwise from the chord beam axis; diameter of anchor,a+ number of

anchors per sheet; Layout: End Only means FRP anchors are provided at the two ends along FRP
length; Int.+Endmeans FRP anchors are provided at ends and intermediate locations along the
length
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Table 3-2. Input parameters for concrete compression and tension behavior

Parameters Test
CD1 CD2 CD3 CD4 CD5 CD6
O (ksi) 3550 3380 3230 3230 3530 3640
"Q  (ksi) 4.76 4.57 3.67 3.67 3.95 4.47
- (in./in.) 2.41x10° 2.43x10% 2.05x10% 2.05x10° 2.01x10° 2.21x10°
"Q (ksi) 0.445 0.4 0.37 0.37 0.41 0.42
"Q (ksi) 0.289 0.26 0.241 0.241 0.267 0.273
Q  (in.) 0.4 0.4 0.4 0.4 0.4 0.4
‘O (kips/in.) 0.00015 0.00015 0.00015 0.00015 0.00015 0.00015
"Q  (ksi) 1.45 1.45 1.45 1.45 1.45 1.45

O (kips/in.) 4.00<10* 3.90x10* 3.40x10% 3.40x10* 3.60<10* 3.80x10*
Op (kips/in.) 8.57x10° 3.25¢10* 2.80x10% 2.80x10* 2.9710* 3.20x10*
E. = elastic modulus of concreten= measured compressivstrainsof r engt
concrete corresponding to the peak compressive streggthsplitting strength of concreta, #
tensile strength of concretensdl = maximum size of aggregatejoG base fracture energy; &
fracture energy of concrete; s = fracture energy values used in FE models
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(a) Cyclic response for Specimen CD1 and CD2 (b) Envelopeplot for all the specimens

Figure 3-3. Global response of thaliaphragm specimens in the experiment.

3.3 Finite Element Model Development

3.3.1Model Geometry, Boundary Conditions and Loading

Nonlinear threedimensional continuum FE models of the diaphragm specimens were

created using the software Abadqassault Systmes Simulia 2021)'he basic geometry of the
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model, shown irFigure3-4(a) and (b), included the concrete slab, chord beams, and edge beams.
The oher components of the setup, such as the shear wall and the concrete pedestals, were not
explicitly modeled; instead, their effects were integrated into the simulation using boundary
conditions, as shown iRigure3-4(c). To simulate the fixity provided by the shear wall, all nodes

of the slab and chord beams in contact with the shear wall were restrained against translation in all
directions. At the irgrsection of the chord and edge beams, where the diaphragm was supported
underneath by rollers mounted on concrete pedestals during the test, the model was restrained
against oubf-plane translation.

The concrete portion of the diaphragms was modeledg ugili-integration solid
continuum 8node linear brick elements (referred to as C3D8 in Abaqus). The reinforcing steel
bars in the slab and the beams were modeled usingdde linear displacement truss elements
(referred to as T3D2 in Abaqus) and wersuased to be perfectly bonded to the concrete using
embedded constraints. The externally bonded FRP sheets were represented usindefour
guadrilateral, stress/displacement shell elements with reduced integration (referred to as S4R in
Abaqus). As will kg discussed later, the bond characteristics between the concrete and FRP were
simulated using surfadeased cohesive bond behavidrmesh sensitivity study with 8 in. (203
mm), 4 in. (1@ mm), 2 in. (3 mm),and1 in. (25 mm) mesh size for all the elensedétermined
that a 2inch (51 mm) mesh size for the solid and truss elements, andehl(25 mm) mesh size
for shell elements, provided a reasonable balance between accuracy and computatiarfes cost.
load vs shear angle plots for different mestes are shown in Appendix C.

The experimental specimens were subjected to a cyclic displacement history to evaluate
issues like cyclic strength degradation during seismic loading. Conversely, it was desirable to use

monotonic loading in the models forraputational efficiency and to avoid challenges associated
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with modeling cyclic behavigsuch as cyclic damage and crack opening and cléslobarrami

and Koutromanos 2016)To facilitate comparison between the cyclic test results and
monotonically loaded models, envelope curves were extracted from the test data. It is noted that
matching monotonic behavior to the envelope of a cyclic test will not capture the larger strength
that would be expected from a monotonic test, nor the cyctiaga. However, the monotonic
model is expected to capture the fundamental behavior and interaction between the FRP,
reinforcing steel, and concretehich is the focus of this work. The Newt&aphson iterative

method within Abaqus was used to condaugbnlinear static implicit analysis.

3.3.2Concrete and Reinforcing Steel Material Models

Different constitutive material models were used for the deformed reinforcing steel bars in
the perimeter beams and the D5 deformed wires in the slab. Reinforcing steekbersarimeter
beams used a bilinear constitutive relationship with the elastic mooiug00 ksi (200 GPa),
yield strength of 60 ksi (414 MPa), and pgsld hardening slope of 75 ksi (517 MPahe
engineering stresstrain data from coupon tests iweconverted into true stressrain values for
the D5 deformed wire, provided Figure3-5(a). To capture the experimentally observed fracture
of the D5 bars, a ductile damage criterion based on the Mises model was used in which the stress
in the constitutive relation decreased from the ruppoiat of 96 ksi (662 MPa) at 3% strain to 0
ksi (0 MPa)with the area under the linear softening braaghd to the specified fracture energy
of 1 kips/in (175 N/mm).The damage parameters included a stress triaxiality, the ratio of
hydrostatic stress to von Mises stress, equal tpa3he steel reinforcement is subjected to
uniaxial loading, and the equitt plastic strain rate of @s the dynamic loading effects are not

considered in this FE modeling.
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The CDP model, which defines the behavior of concrete material using the concepts of
isotropic damaged elasticity combined with isotropic tensile and @ssipe plasticity, was used
to represent the behavior of concrete material. The compression and tension constitutive models,
compression and tension stiffness damage, flow potential parameters, yield surface parameters
and viscosity parameters are disrsin the following paragraphs and subsections.

The uniaxial compression response of concrete, shokigume3-5(b), was modeled using
the symmeic Hognestad parabol@Hognestad 1951)The measured concrete compressive
strengthfem, given inTable3-2 was used for the peak compressive strength, fendtape of the
softening response beyond the peak was selected to produce the best match with experimental
behavior.

The constitutive behaviaf concrete subjected to uniaxial tension followed a linear elastic
relation with a modulus of elasticitl, up to tensile strengthy, followed by a bilinear softening
response. The tensile strength of concrete was taken as 65% of the meastireg spiitder
strength;Q (Collins and Mitchell 197). The values oE. andfsp, obtained from cylinder test data,
are reported iTable3-2.

The tension stiffening effect, which refers to the deal strength of cracked concrete
between adjacent tensile cracks due to the bond between concrete and reinfd@ébszhaind
Warner 1978)was incorporated using the fracture energy cracking criterion from theFRIFEB
Model Code 1990(1993) This effet was modeled with a bilinear stredisplacement
relationship, as illustrated frigure 3-5(c). The energy required to propagate a tensile crack of a
unit area, defined as the area under the stregk displacement curve and known as fracture
energy Gy, was calculated using E(%1) and(3-2). Using the fracture energy and the parameters

calculated inFigure 3-5(c), the stresslisplacement data generated was specified to define the
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tension stiffening of cracked concrete. The followsegtion discusses an investigation of the
fracture energy for the specimens.
0O 0 QrQ 8 (3-1)
O ™ 1T Qw ™MQ ¢ ¢fp mMMOIa & (3-2

whereGy is the base fracture enerdym is the mean compressive strength of the concrete taken
equal to the average of measured compressivagstyefcmo = 1.45 ksi (10 MPa)d,, is the
maximum aggregate size equalbt89 in. (10 mm)See Table-2 for values.

The damage parameters for tensidfn,and compressiord., represent elastic stiffness
degradation during pogteak unloading and range from 0 (undamaged at peak) to 1 (completely
damaged beyond peak). The damg@rameters were defined as tabular functions of cracking
displacement in tension and inelastic strains in compression. The dansagealculated withd
= 1-fi/fim anddc = 1-f/fem wherefim is the peakensile stress arfehis the peak compressive stress.

The yield function in the CDP model is based on Lubliner ¢1889)and Lee and Fenves
(1998) with the yieldsurface shown in the principal stress coordinate systéfigure3-5(d). In
the inelastic state, concrete can undergo volume change, also knowratas dihich is
accounted for through the definition of a plastic potential functBriThe CDP model assumes
nontassociated plastic potential with the Druckeager hyperbolic function for the plastic
potential surface as shownHigure3-5(e). The flow rule is defined ad,P= a1 O Gwhéréd P
is the plastic strain increment vecteis the plastic multiplier that determines the magnitude of
the plastic strain, andd G/ @edcribes a vector normal to the plastic potential surface. The
horizontal component of the plastic strain incrememiigure3-5(e) represents volumetric strain,
i.e., dilation.The dilation angley, shown graphically ifrigure3-5(e) as the slope of the potential
surface relave to the hydrostatic stress axtherefore, controls the amount of dilation during

plastic straining. Larger values of the dilation angle indicate greater amounts of volumetric strain,
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while a value of y = 0 i ndiecThetdéason anplaigd stutidie ma't
separately in the subsequent subsection. The flow potential eccentricity parapteténes the
rate at which the hyperbolic potential function approaches the asymasoshown inFigure
3-5(e), and the default value of 0.1 was selected.
Several parameters need to be specified to define the CDP model in Abaqus. The shape
parameterKc, defines the shape of the yield surface in the deviatoric plane as shévguia
3-5(d). The default value of 2/3 for CDP has been used for the shape paraeseténg in the
modified DrucketPrager yield surface. Another parameterhs tatio of initial equibiaxial
compressive yield stress to initiahiaxial compressive yield stressy & which describes the
point at which the concrete undergoes failure under biaxial compression. The default value of 1.16
isusedT he Poi s g ofudckackeda&dndrete,was assumed to be (Ha8y et al. 2016)
Visco-plastic regularization was employed to address convergences issuwsed by
concrete softening and stiffness degradation in-peak tensile and compressive behavior. The
viscoplasticity allows the stresses to be outside the yield surflacg a small amount of
viscoplasticity allows convergence. Viscosity is inigeted separately in the following

subsection.

3.3.2.1Investigation of Selected CDP Model Material Parameters

While calibrating the concrete damage plasticity model to match the experimental results
of the FRP retrofittedRC diaphragm specimens, it was found ttieg dilation angley, concrete
fracture energyGs, and viscosityg, all exerted significant influence on their shear behavior.
Therefore, a parameter investigation was conducted to assess the influence of these parameters. In
the studies discussed beldbaseline Specimen CD1 wistdilation angle oft 1t ¥iscosity of 10

5 and fractureenergy of 0.00034 kips/in. (0.059 N/mmgre used unless specified otherwise.
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3.3.2.2Dilation Angle

As previously discussed, the dilation angle controls the volumetric geagrated during
plastic deformation. In previous studies investigating concrete subjected to shear failure using the
CDP model(Genikomsou and Polak 2015; Malm 2006; Stoner 2015; Wosatko et al., #04.9)
value of the dilation angle is usually selected based on sensitivity studies. For example,
Genikomsou and PolgR015)studied dilation angles ranging from 20 degrees to 42 degrees and
selected a value of 40 degrees in their investigation of punching shear of concrete slabs. Studies
of GFRPRreinforced concrete beams by Stoner (2015) used a dilation angle of 30 degrees for the
beams without stirrups and 50 degrees for the beams with stirrups based on a sensitivity study.
Similar studies by Maln§2006) Mansour and Taye{2020) and Zhou et al2020)used higher
dilation angles for sheatrengthened specimersiggesting that the concrete material behavior
changed as a resuf adding shear reinforcement.

In this study, the dilation angle was varied for Specimen CD1 and Specimen CD4 in
increments of 5 degrees from 35 to 55 degreEigire 3-6(a) andFigure 3-6(b) show the impact
of the dilation angle on the loatisplacement behavior of Specimen CD1 &pécimen CD4,
respectively. The dilation angle significantly influenced the inelastic response, with larger dilation
angles resulting in higher peak strength and stiffer-pstking behavior. This effect occurs
because larger dilation angles generateatgrehydrostatic stresses, which enhance the shear
strength.

The inclusion of FRP on the surface of Specimens CD2 to CD6 limited the width of cracks,
enhancing interlock at the cracks and increasing the contribution of concrete to the shear transfer
mechaimsm (Huber et al. 2016)A higher dilation angle was used to indirgciiccount for the

effect of FRP in the specimens. Based on the comparison of the load versus shear angle curve with
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the experimental results, a dilation angle of 40 degrees was selected for Specimen CD1, 55 degrees
was selected for Specimens CD2, CD3, COB6, and 50 degrees was selected for Specimen

CD5. The lower dilation angle for the Specimen CD5 is attributed to its limited FRP coverage.

3.3.2.3Fracture Energy and Residual Tension Strength

A fracture energy criterion based on the CER bilinear model wagsed to describe the
postcracking tensile behavior of concrete. Fracture energy in concrete, defined as the energy
required for crack growth of concrd@azant and Kazemi 1990hfluences the shear behavior of
concrete by affecting crack distribution, residual crack strength, and overall member strength and
stiffness. A sensitivity analysis was conducted to examine the response of Specimen CD1 to
variations in fracture energy, includifg25Gy, 0.5G¢, G, 2Gr, and 43¢, as shown ifrigure3-6(c).
The values ofGy, calculated using E(3-1), are reported ifTable 3-2 for each specimerthe
corresponding load versus shear angle curves are showigure 3-6(d), demonstrating that
increasing fracture energy results in a higher load at the onset of cracking (i.e., point on the load
versusshear angle response when nonlinearity begins), but does not increase the peak load. Based
on the comparison with experimental data, including crack patterns, initial crack load, and post
cracking stiffness, a fracture energy of @G2%8.57x10° k/in (0.015 N/mm) was chosen for
Specimen CDL1. For each of the FRiFengthened specimens, a tension fracture energy parameter
of 1.0G was used, witlGs valuesreported inTable3-2.

Another investigation into the concrete tension material model involved varying the
residual tensile strength of the bilinear plot in the ywpatking tension region, as showrfigure
3-5(c). Following the cracking d#», the residual tensile strengths were set at 5%, 25%, 50%, 75%,
90%, and 100% of the peak tensile strength. It is expected that the larger residuaktesrsiins

increase the tension stiffening effect. The corresponding load versus shear angle plots for
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Specimen CD4, shown iRigure 3-6(e), demonstratéhat the residual concrete tension strength
had little effect on the overall diaphragm load versus deformation behavior. This result suggests
that tension stiffening alone does not capture thegrasking stiffness and peak load of an FRP
strengthenedidphragm and reinforces the need to use larger dilation angles as described in the

previous subsection.

3.3.2.4Viscosity Parameter

Viscosity improves convergence by allowing stresses to slightly exceed the yield surface,
which helps slow crack propagation. Singscosity can have a similar effect as increasing the
concrete tension fracture energy, the fracture energy oB0w2s held constant for this sensitivity
study. Figure 3-6(f) illustrates the effect of the viscosity parameteron the load versus shear
angle response &pecimerCD1, considering values of 16, 10°, 104, 103, 10% and 0. Using
a viscosity parameter equal to O resulted in convergence failure early in the anabgsid
(222 kN), coinciding with the formation of the first flexural cracks near the fixed boundary
condition. Consequently, this sensitivity resulh@ visible inFigure3-6(f). While increasing the
viscosity parameter improved convergence, it also led to higher peak loads and stiffnesses.
Viscosity values greater than-48ignificantly deviated from experimental results, with peak loads
reaching 14 and 1.75 times the experimental peak load for viscosity parameteds, @il 16,
respectively This trend was also observed in FRtiRengthened specimens (not shown here).

Based on these findings, a viscosity parameterpf 10° was selected to dbance

computation efficiency with response accuracy.

71



Finite Element Analysis of Reinforced Concrete Diaphragms Strengthened with Externally Bonded FRP
Sheets

3.3.3Fiber Reinforced Polymer Modeling

The FRP composites were modeled with linear elastic orthotropic shell elements using the
material properties summarizedTiable3-3. This material model was selected to ensure that the
FRP contribution was only along the primary fiber directibhe elastic modulus in the fiber
direction, E1, was based on data provided by the FRP manufacturer. Other parametenstwere
available and werassumed based on common practices in literature, such as BaK2@a 7.

Hany et al2016) Hawileh etal.(2013) and Obaidat et £2013) A Poisson's ratio of 0.1 was
assumed. The c#ixis moduli of elasticityE>, and Es, were set at 10% d&1, while the shear
moduli, Gi2 andGi3s, were 5% of;, andG,z was 2.5% oE:.

FRP debonding is the most common failure mode in RC members strengthened with FRP,
especially in onsided FRP configuration€hen and Teng 2003a; Monti and Liotta 2007b)
Debonding tends to initiate in regions of high stremscentrationswvhich are usually associated
with regions of discontinuity of FRP, such as at FRPotLibcations and regions of cracisram
et al. 2008; Buyukozturk et al. 2004; Yu et al. 20189 a result, accurately simulating the bond
between concrete and FRP is essential for the model to reliably capture the ultimate behavior of
the experimental specimens.

A surfece-based tractiorseparation law was selected to model the initial linear elastic
behavior, damage initiation, and subsequent damage evabitieeFRP-concrete bond, as shown
schematically inFigure 3-5(f). The key parameters defining the bond behavior are the initial
interfacial stiffness, peak bond strength, and fracture energy. This behavior is described in terms
of nominal stress armgeparation, with theominal traction stress vector consisting of one normal
tn, and two shear components,andt;.. The corresponding separatiais s andul: represat the
normal and two shear displacements, respectividig. energy dissipated duririge softening

phase (i.e., the area under the softening portion of the tresgjmaration curve) corresponds to the
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fracture energy. In this study, an exponential curve was chosen as a smooth representation of
damage evolution.

Sensitivity studiesdiscussedin Appendk A) were conducted to investigate the effect of
initial stiffness, peak stress, and fracture energy in the traséiparation law to simulate the bond
between concrete and FRP. These parameters were initially calculated using the (2086al.
model and then varied as part of the sensitivity study. The initial stiffness varied béi¥een
kips/in2 (271 N/mn?) to 1¢ kips/in2 (27100 N/mnd), peakstress between 0.05 ksi (0.345 MPa)
to 0.3 ksi (2.07 MPa), and fracture energies between 0.5 kif8/in. (0.000875 N/mm) to 10 x
10° kips/in. (0.0175 N/mm)The initial stiffness of the FRP bond tractiseparation law was
found to have a negligibleffect on the global diaphragm resgse. In contrast, the peak stress
determined the load at which debonding began, while the fracture energy governed the progression
of debonding. To ensure tensile cracking was not inhibited, the tensile strength of the concrete was
used as an upper boufwr the peak bond stress. The peak bond stresses and fracture energies
given in Table3-4 were selected for each specimen to ensure that the shear force at debonding and
the progression of debonding matched experimental observations.

In the experimental s&p, the FRP anchors were embedded in concaetd the anchor
fans were bonded to the top surface of the FRP. This was simulated by using a cohesive bond over
a rectangular FRP surface with greater bond properties than the typical cohesive bond between
FRP and concrete. The anchors were modeled using the same cohesive $egadiation law but
with higher fracture energy. This increased fracture energy delayeecdiRiRete bond failure
within the anchor zone, capturing the contribution of anchor embédmeoncreteTable 3-4

summarizes the parameters used for the trasemaration laws for both the diaphragm and anchor
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zone. The performance ofgai-RP bond and FRP anchor models will be discussed in the next

section.
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Figure 3-4. FE model geometry.
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Table 3-3. Input parameters for FRP Material.
O O O O O O

Test ) ksi) (ksi) T F P k) (ksi) (ksi)

CDh2 16700 1670 1670 0.1 0.1 0.1 835 835 418

CD3 13500 1390 1390 0.1 0.1 0.1 695 695 348

CD4 3730 373 373 0.1 01 0.1 187 187 93

CD5 14240 1424 1424 0.1 0.1 0.1 712 712 356

Chb6 16700 1670 1670 0.1 0.1 0.1 835 835 418
1: primary fiber direction, 2 and 3: transverse directiors Elastic modulus of composite in the
fiber direction,candB= el asti ¢ modul us of composite in t

ratio, G2 = shear modulus on2 plane, Gz =shear modulus on3 plane and & = shear modulus
on 23 plane

Table 3-4. Cohesive parameters used to model FRP debonding.

FRPSheets FRP Anchors
ID SF>eak Stiffness Fracture Peak Stiffness Fracture
UeSS (ipsfind ENEray  Stress - iiciny  Energy
(ksi) (kips/in.) (ksi) (kips/in.)
CD2 0.26 1000 8.00x10° 0.26 1000 6.40x10*
CD3 0.24 1000 8.00x10° 0.24 1000 1.00<10*
CD4 0.24 1000 8.00x10° 0.24 1000 6.40x10*
CD5 0.27 1000 8.00x10° 0.27 1000 6.40<10*
CD6 0.27 1000 8.00x10° 0.27 1000 1.00x10*

3.4 Computational Results

The accuracy of the FE model was validated by comparing the resulting load versus shear
angle behavior, crack patterns, FRP strains, and failure modes widstiis of the experimental
study. Figire 3-7 compares the experimentalvelopdoad versus shear angle results with those

obtained from the FE analysis for all specimens.

3.4.1Control Diaphragm 7 Specimen CD1

Figure3-7(a) compares the experimental load versus shear angle for Specimen CD1 with
FE predictions generated using the modeling approach discussed in Sektibhe3FE model

successfully captured the evolutiornsbiear strength and stiffness of Specimen CD1, including the
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initial shear cracking calculated &b kips (334 kN), yielding of the diaphragm steel at 137 kips
(609 kN), the peak load of 2kips 894 kN), and the strength decay during ppetk response.
Experimentally, initial shear cracking was observed at 80 kips (356 K% @@ifference from the
model) and the peak load was 203 kips (903 kN6 difference from the model).

In addition to loaedisplacement behavior, crack patterns from the experiment were also
compared to the model resuli&gure 3-8(a) shows a photograph of the cracking pattern in the
experiment at peak loawith the cracking associated with load in the positive directiowmlra
with heavy lines. The concrete tension damage parandgteras used to evaluate crack patterns
in concrete in the FE moddtigure 3-8(b) compareghe crack trajectories observed during the
experiment and tension damage patterns predicted by the analysis at the peBikdgadcipal
strain distributios in concrete at the peak load are showirigure 3-8(c) and(d). The model
predicted a distribution, spacing, and extent of tensile cracks resulting from shear and flexural
stresses that closely resembled those observed during the test acdnsitent with the diagonal
tension shear failure.

Figure3-8(e) shows the magnitude of reinforcement stresses in the Specimen CD1 at peak
load for diaphragm slab reinforcing bars 7x (perpendicular to the applied shear) and 6y (parallel
to the applied shear), as illustratedrigure 3-8(f). These results indicate that diaphragm bars
aligned parallel to the applied shear experienced stresses reaching or exceeding their yield point at
shear crack locations. In cordgtabars oriented perpendicular to the applied shear generally
exhibited lower stresses compared to their parallel counterparts.

Although conventional diaphragm shear design approaches based on beam theory often

disregard the contribution of perpendiculainforcemen{ACI 2019) the analysis suggests that
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the perpendicular bars provide some shear resistance, althesgifflectively than the paraliel

oriented bars.

3.4.2Diaphragms with FRPT Specimens CD2 through CD6

The modeling approach described in Section 3 was applied to thestFdRgthened
specimensFigure 3-7(b) to (f) compare the experimental and predicted load versus shear angle
behavior for SpecimesCD2 through CD6. The initial loads at diagonal shear cracking predicted
by the FE analysiwere 109 kips (485 kN), 94 kips (4kBl), 95 kips (423 kN), 97 kips (431 kN),
and 97 kips (431 kN) for Specimens CD2 to CD6, respectively. Experimentally, the corresponding
loads were 108 kips (480 kN), 124 kips (552 kN), 93 kips (414 kN), 94 kips (418 kN), and 107
kips (476 kN).The differenxces between experimental and FE results were within 3% for
Specimens CD2, CD4, and CD5, which did not include intermediate anchors. However, the
differences were higher for specimens with intermediate anchors: 24% for the Specimen CD3 and
10% for the Spemen CDG6.

The peak loadfom the FE analysis were 283 kips (1259 kN), 261 kips (1161 kN), 266
kips (1183 kN), 243 kips (1081 kN), and 255 kips (1134, k&jpectivelyfor the Specimens CD2
to CD6, all within 2% of the experimental peak loads. The FEetsoelffectively captured the
progression of shear strength and stiffness in the global response of the retrofitted diaphragms.
They also accurately represented key behaviors, including the initial elastic response, stiffness
degradation due to the onsetdiigonal tension cracking, peak load, and the failure mode.

Figure3-9 presents the crack patterns at peak Ipadgipal strains in concretERPstrain,
and reinforcement stresses for Specimen CD4, chosen as a representative example of the FRP
strengthened specimens. The peak load of Specimen CD4 corresponded with FRP debonding in

both the test and the model. As showirigure 39(a), there was strong correlation between the
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extent of shear cracking observed on the underside of the slab during the experiments and the
cracks predicted by the model, represented by the concrete tension d&megeaverage crack
angle observed during thexperiments was approximately 50° relative to the chord beams,
compared to 47° between the FE tension damage contours, demonstrating good agfeéement.
principal strain distributiogin concrete at the peak load are showRigure 39 (c) and (d)

The FRP strainsand concretd-RP bond were examined to validate whether the model
captured the intended behavigigure 3-9(b) compares the maximum stramthe FRP sheets
near a shear crack predicted by the FE model with the strains recorded by a strain gauge at the
location indicated by a circlen Figure 3-9(a). Consistent with the experimental results, the FE
model predicted FRP strains increase with the formation of cracks and continue to increase until
debonding at peak loaBigure3-9(e) shows the stress evolution in two highly stressed reinforcing
steel bars near a shear crack, along with a representative plot of FRP strain evolution from the FE
model. In both the FRP and the stdbE stresexperienced increadeas diagonal shear cracks
formed Near the peak load, the FRP debonded, causing a reduction in strain, while the steel
continued to carry stress until rupturégure3-9(f) shows the stress distribution in the reinforcing
bars at peak load. The stress contours reveal higher stresses in the reinforcing bars within the crack
regions compared to other regions. These observationgtiFE model are consistent with the
experimental behavior.

The bond damage contours kigure 3-10(a) andFigure 3-10(b) illustrate the extent of
bond damage predicted by the FE modelépresentative Specimens CD3 and CD5 at their peak
load. For comparison, debonding observed experimentally for these respective specimens is shown

in Figure3-10(c) andFigure3-10(d).
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During testing, the peak load for all retrofitted specimens corresponded to the loss of
composite action betwedhe FRP and concrete in the field of the diaphragm. This loss of
composite action was primarily driven by FRP debonding initiated by intermediate shear cracks.
The debonding process typically began with localized debonding of the FRP along the longitudinal
edges of the sheets at principal shear crack locations. As the applied shear angle increased and
cracks in the concrete substrate widened, this localized debonding propagated inward along the
diagonal cracks.

Notably, at peak load, debonding did not extecrossheentire sheet from one anchor to
another. Instead, complete sheet debonding and anchor failures typically occurred inplealpost
region after strength began to dec@ipe FE model effectively captured the bond behavior and
subsequent deboimd) of FRRconcrete observed during the experiments, using the cohesive bond

parameters provided ifable3-4.

3.4.3Strain Evolution in FRP

Accurately capttng the process of intermediate crankuced debonding of FRP is
crucial for understanding the force transfer between concrete and FRP indstaant
diaphragms. The accuracy of the FE models in capturing this behavior was assessed by comparing
predicted FRP strains at peak load to those obtained experimentally. In addition, strains were also
compared to those predicted using ACI RBAD.23(2023) debonding calculationdLable 3-5
summarizes the FRP strain results at peak load for Specimens CD2 through CD6 including (1)
experimental measurements obtained fromstraiggas i nst al l ed on sheet 2
AMO, and @ NOFigure3elhforihesea lecatiprS)e(2) the mean and standard deviations

of the FRP strains predicted by the FE analysis, as well as the maximum strain anywhere in sheet
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2 and sheeB; and (3) the effective strain in FR&, used to desigshear strengthened elements

as per ACI PRe140.223(2023) given below in Eq$3-3) to (3-6):

- I - T8I T T (3-3)

I NQQ0 Tppownmn (3-4)
0 qoofem O 8 (3-5)
Q arcx” (3-6)

where: is thedesign rupture strain of FRP reinforcement the number of FRP pliesjs the

thickness of one FRP pli is the tensile modulus of elasticity of FRPis the specified minimum
concrete compressive strength taken as the measured stfe@ngtithese calculations, akgcan
be taken as 1.0 for diaphragms where the effective depth tslarger than the active bond length
(Hutton et al. 2025)

Based on the results presented in Tab%e several conclusions can be drawn about the
FRP strains at peak load. First, the experimental strain values show large variability across
different locations on the sheets. This is due to theumisform strain distribution in the sheets,
influenced ly factors such as crack location, crack width, and bond quality. Second, despite the
variability in experimental strains, the FE analysis predicts maximum strains that are close to the
largest experimental values. The ratio of the maximum strain from EREs@éto the largest
experimental FRP strain at peak load is 0.91, with a coefficient of variation of 20%. This
consistency confirms the FE model's ability to accurately capture thecéiitiPete bond and
predict strains at crack locations. Third, the A@Glculated design debonding strains generally fall
within the range of the experimental and-piedicted maximum strains, although they tend to be
slightly lower. This suggests that the ACI method provides a conservative estimate of the

maximum strain inlte FRP at peak load.
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Figure3-11 compared the evolution of FRP strains as a function of applied load between
the FE model and experimental resultsSpecimens CD4 and CD6. Given the variability in FRP
strains, which depend on the sampling location, a statistical approach was employed to better
understand the overall behavior of the FE model compared to the experiments. This involved
calculating the asrage and standard deviation of the FRP strains from all elements in sheet 2 from
the FE model. The strains were then plotteffigure3-1 1 wi t h average strain
strains equal to one standard delvdnadh i e+ Oboe | o
respectively, and the maximum strains as fiMax
As the load increases past cracking, the strains in the FRP are predicted to grow gradually.
However, as the force approaches peak values, the strain rate accelerates, indicating the onset of
localdebonding. The experimental strain curves show how individual strain measurements evolve,
and the overall trends of the test data agree with the statistical range presented. The maximum
predicted strain trends also agree reasonably well with the maxiesimesults. These results
indicate that the FE model is a reasonably accurate tool for capturing FRP strains-in FRP

strengthened diaphragms undergoing shear failure.

Table 3-5. Comparison of experimental, FEand analytical predicted FRP strains at peak

load.
Experiment Strain Gage FE Analysis
D FRP S M N Mean,u St d. [ Max ACI 440
0, 0, 0 0, 0 0
cD2 Sheet2 0.37% 0.32% 0.02% 0.17% 0.04% 0.37% 0.35%

Sheet3 0.01% 0.30% 0.00% 0.14% 0.04% 0.34%

CD3 Sheet2 0.26% 0.45% 0.17% 0.15% 0.06% 0.37% 0.34%
Sheet3 0.04% 0.34% 0.34% 0.14% 0.04% 0.32% el

cD4 Sheet2 0.32% 0.27% 0.08% 0.15% 0.10% 0.38% 0.42%
Sheet3 0.47% 0.23% 0.45% 0.13% 0.09% 0.36% '

CD5 Sheet2 0.27% 0.23% 0.14% 0.13% 0.04% 0.29% 0.24%
Sheet3 0.03% 0.36% 0.25% 0.18% 0.05% 0.31% '

CD6 Sheet2 0.04% 0.48% 0.38% 0.08% 0.06% 0.31% 0.35%
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Sheet3 0.46% 0.32% 0.09% 0.12% 0.07% 0.32%
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Figure 3-7. Comparison ofexperimental and FE analysisenvelopeplots.
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Figure 3-8. CD1 results comparison at peak load.
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Figure 3-9. Specimen CD4 results comparison at peak load.
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Figure 3-10. FRP debonding in FRRstrengthened specimens at peak load.
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Figure 3-11. Comparison of the FRP strains from the experiment and FE.

3.5Evaluating Component Contributions to Diaphragm Shear Strength

The results of the validated FE models were used to investigate the evolution of strains in
the FRP and to determine the relative contributions of the concrete, steel, and FRP to the total
shear strengthThe component contributions based on available analytical methods were

calculated and compared to those obtained from the experimental and FE results.
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3.5.1ShearResistanceof Diaphragms based on ACI PRG4402-23.

According to ACI PR&440.223 (2023) the nominal shear strength of an FRP
strengthened concrete membéy;,is the sum of the shear strength contributions from the ¥RP,
reinforcing steelVs, and concrete/c. For the diaphragm specimens in this study, the chord beams
and edge beamssal contribute to the #plane shear strength through frafike action, adding
contribution,Viame to the inplane shear streng(itutton et al. 2025)Consequently, the total
shear strength of the diaphragm specimens can be expressed ugh@)Eq.

0w 0w W W (3-7)

ACI 318 Clause 12.5.3.2019)provides Eq(3-8) and Eq(3-9) to compute the concrete,

V¢, and steel,Vs, contributions respectively, while ACI PR@40.223 Clause 1.4 (2023)
provides Eq(3-10) for calculating the FRP contributios. The effective strain, , in Eq.(3-10)
accounts for the maximum strain that can be achieved in the FRP considering the debonding of
FRP as per ACI PR@40.223(2023)as defined by Eq3-3).

This additive approach assumes that all components (concrete peak shear, steel yielding,
FRP debonding, and frame action) reach their peak shear contribution simultaneously.
Furthermore, Eq(3-7) assumes that the increase in shear strength is solely attributed to the FRP
contribution, without considering the enhanced biaxial behavior of the concrete or the changes in

steel stresses resualy from the addition of FRP reinforcement.

® ¢ W (3-8)
w "M (3-9)
w 6 O- i Qt|®éiQMN (3-10)

where;_ is the concrete lightweight factod, is the gross area of concrete bounded by the
diaphragm web thickness and depthjs the ratio of distributed reinforcement oriented parallel

to the inplane shearQis the yield strength of the reinforcing steel, is the area of FRP shear
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reinforcement with spacing ,| is the angle of application of the primary FRP direction relative
to the longitudinal axis othe member,Q 7i is the number of sheets crossihg shear crack

(four sheets considered in this study).

3.5.2Strength Contribution from FRP

This section outlines the method used to determine the increase in diaphragm shear strength
due to FRP, based on FE results. The increase in shear strength associated with FRP strengthening,
Vine, Was calculated by subtracting the peakrsjtie of the unretrofitted FE modély unre; from
that of the retrofitted FE modeVnre, as defined in Eq(3-11). The unretrofitted FE models
retaned the measured concrete strength of their retrofttbechterparts butsed a dilation angle
of 40°and a fracture energy of 0@ consistent witlthe calibrated Specimen CD1.

This increase in shear strength was further divided into direct contrigutiom FRP\%,
and indirect contributions arising from the effects of FRP on concrete and/sieelas expressed
in Eq. (3-12). The direct FRP contributiox was determined as the sum of contribusitnom
each sheet obtained by multiplying the maximum stress in each FRP sheet at paak.ldul
the crosssectional area of the sheat, as per E((3-13). The indirect contributioWother, was then

back calculated using Eq. (13).

W Wh Wk (3-12)
W W w (3-12)
&) O , n xEADAQ T (3-13

Figure 311 compares the peak strengths obtained from ACI provisions, experiments, and

FE models, along with a breakdown of shear strength contributions. The FRP contribution from
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the experiments was estimated by replatiim Eq. (3-10) with the maximum strain recorded by
any strain gage at peak load.

The results indicate that the ACI equations underestimate the experimentally obtained
shear strength of thetrefitted specimens by an average of 33%e calculated strength does not
take into account the strength reduction factor of 0.75 for shear strength in AC9 382819)
TheFRP contributiorVs, based on the experimental FRP straives higher than predicted bye
FE model. This discrepancy may be attributed to the FE model underestimating local FRP strains
at cracks, where the FRP is not bonded to the concrete. Further, in calculating the FRP
contributions for the experiment, the maximum of the strains reddrden all the strain gages
has been used for all four FRP sheets. However, based on the comparison of FRP strains discussed
in Section 4.3, the FE model reasonably captures the average behavior of the panel.

One advantage of the FE model is its abilityudher distinguish the effects of FRP by
separating the direct FRP contribution to shear streNgthpom additional strength increases from
other mechanisms. As the FRP bridges cracks in concrete, it restrains crack openings and enhances
t he c & oapaciy todr@dnsmit shear stress along diagonal cracks. Additionally, changes in
concrete stresses affect reinforcing bar stresses due to the compatibility between concrete and steel,
further enhancing shear strength. These combined effects are réegate®amerin the FE results
shown inFigure3-12.

This observation is more pronouncedpecimerCD6, where the direct FRP contribution,
Vs, from FE analysis is only about 3% of the total strength because the FRP sheets are oriented
perpendicular tohe direction of the shear force. However, the increase in shear strength for

Specimen CD6 is comparablethat ofother specimens.
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Combined, these findings highlight that the increase in diaphragm shear strength due to
externally bonded FRP is not solditributed to the direct load carried by the FRP but also to

enhanced concrete behavior and its interaction with reinforcing steel.

3.5.3Interaction between FRP and Reinforcing Steel

The FE models were also used to investigate the behavior of the reinfaeshgag's in
diaphragms with and without FRP, as strains in the steel were not measured during the
experiments.

Figure3-13 compares the stress in higlstressed portions of reinforcing steel bar 6y (see
Figure3-8(e)) for Specimens CD1 and CD4. In both specimens, the stress in the reinforcing bar
remained near zero until the formation of the first diagonal shear crack near the sampling location.

In the bare Specimen CD1, the first diagonal crack passed througkatheed element,
causing a rapid increase in stress in the reinforcing bar from point 1a until point 1b. Between points
1b to 1c, stress redistribution from the formation of additional diagonal cracks parallel to the initial
crack resulted in nearly constastress in the bar. At point 1c, a large number of diagonal cracks
had formed in the diaphragmdés shear panel, an
through the bar to widen. This increased stress led to bar yielding at point 1d anel jugttafter
peak load at point le.

In the FRPstrengthened Specimen CD4, a diagonal crack formed near the examined
element, causing an increase in stress from point 4a to 4b. After 4b, a diagonal crack passed
through the element examined, leading toghér rate of stress increase. At point 4c, when the
specimen reached the peak load, the FRP at the location of this bar had debonded. Following
debonding, in the pogteak range, the steel stresses continued to rise until the bar fractured at

point 4d.
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A comparison of the plots shows that the development of stresses in the reinforcing steel
in the FRPstrengthened specimen was delayed compared to the unretrofitted specimen. This delay
is attributed to enhanced aggregate interlock and the improved bongreveded by the FRP
sheets, which offer more effective crack restraint than due to the presence of discrete steel
reinforcement only. The FRP reduced crack widths, slowing the development of stresses in the
reinforcing steel and postponing bar fracturdarger shear angles compared to unstrengthened
diaphragms. However, the overall magnitude of steel stresses was similar and primarily developed
after the FRP had debonded. Additionally, the reinforcing steel generally remained elastic until

FRP debondingazurred.
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Figure 3-12. Comparison of the component forces computed analytically, based on
experimental datg and usingan FE model.
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Figure 3-13. Comparison of the stress evolution in
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3.6 Conclusions

Limited studies have been conducted on the shear strengthening of RC diaphragms using
externally bonded FRRind existingguidelines are scarce. Experimental studies on diaphragm
behavior face challenges due to the inherent limitations in the size and resource requirements of
diaphragm tests, making it difficult to fully understand the mechanics of force transfer and
interactons between concrete, reinforcing steel, and FRP. -vdélbrated and validate&E
models can bridge this gap by providing insights into diaphragm behavior that are challenging or
impossible to obtain from physical tests alone. In this study, numeriailimg strategies were
developed to capture the behavior of recently tested RC diaphragms strengthened with externally
bonded FRP. These models were validated against experimental data and subsequently used to
evaluate specimen behavior.

Within the concrets damage plasticity model for concrete material, the dilation angle,
fracture energy of concrete associated with tension cracking, and viscoplastic regularization were
identified as critical parameters in the FE modeling of concrete diaphragms. To match th
experimental behavior, the dilation angle of the concrete material was increased to approximate

the enhanced shear interlock for FRfRengthened specimens. A dilation angle of 55 degrees was
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used for specimens with large FRP surface coverage, whilegt@at was appropriate for models
without FRP. Sensitivity studies determined optimal values for the viscosity parameter egual (10

%) and the fracture energy associated with tension cracking (25% of the energy calculated from the
CEB-FIP model). Additiondy, a cohesive bond model between FRP and concrete was calibrated

to ensure that the peak diaphragm shear strength and the progression of debonding matched
experiments. The peak strengths predicted by the models were within 2% of the experimentally
measurd values for all FRRtrengthened specimens. Furthermore, the cracking patterns,
locations and progression of debonding, and the FRP strain distributions observed in the models
closely aligned with the experimental observations.

Although the FE models @sely matched experimental observations, several limitations
are associated with this modeling approach. The models were calibrated to align the monotonic
shear load versus shear angle response with the envelope of the cyclic experimental results. While
this approach results in a lower monotonic strength than might be observed in a physical test, the
models successfully capture the fundamental monotonic behavioral aspects. A notable limitation
is the use of the concrete dilation angle to approximate im@rshear interlock due to FRP, as
this makes the concrete material model dependent on the presence and configuration of FRP.
Additionally, some idealizations were made, such as restraining chord bars against translation at
the shear wall, despite some stipcurring in the experiments, and assuming a perfect bond
between the reinforcing steel and concrete. However, these simplifications are not expected to
significantly affect the overall results.

Following calibration and validation, the FE models were tisethalyze the contribution
of concrete, reinforcing steel, and FRP to diaphragm shear strength. This analysis is critical for

understanding and predicting the shear strength of-$tRIAgthened diaphragms. The shear
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strength components obtained from F&dwels were compared to the values calculated using ACI
equations and experiments. The study found that ACI131@&019)and ACI PRG440.2R23

(2023) equations consistently underestimated diaphragm shear strength by 15% to 24%.
Additionally, the FE model results revealed that FRP contributes to diaphragm shear strength not
only through directdrce resistance but also by enhancing the behavior of concrete and reinforcing

steel.
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Effect of Design Parameters on Shear Behavior of Reinforced Concrete Diaphragms
Strengthened with Externally Bonded FRP Sheets

Pratiksha Dhakal, Matthew R. Eatherton, Eric Jacques

Abstract

The strengthening of reinforced concrete (RC) diaphragms with externally bonded fiber
reinforced polymers (FRP) has been shown to enhance their strength, yet limited research and
minimal guidance are available in design guides such as ACI/2R2R23. Previous studies on
FRRstrengthened beams and shear walls have demonstrated that design variables, including FRP
orientation, number of | ayers, spacing, and
performance.However, the influence othese parameters on RC diaphragms has been
underexplored, as experimental studies are challenging to perform due to their large size and
complex behaviorNumerical investigation using finite element (FE) methods offers a practical
approach for evaluatindgiaphragm behavior under a range of design parameters.

This study combined experimental testing and FE analysis to examine the shear behavior
of RC diaphragms strengthened with externally bonded FRP. Foursleatge specimens with
different FRP strength@mgy schemes were tested, and their peak strengths, failure mechanisms,
and FRP strains were recorded. A validated and calibrated nonlinear FE modeling procedure was
then used to investigate the effects of concrete compressive strength, reinforcingltsrangth,
reinforcing bar ratio, FRP elastic modulus, FRP coverage, and FRP orientation. The FE models
provided detailed insight into peak shear strength, the contribution of individual components to
total shear resistance, stresses in reinforcing BRMR,concrete bond damage, and concrete tensile

and compressive damage. The results elucidated the mechanics of FRP strengthening in RC
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diaphragms and identified the influence of key design parameters, providing quantitative guidance
for effective retrofitstrategies.
Keywords: Diaphragm, finite element modeling, fibexinforced polymers, FRP,

reinforced concrete, parametric study.

4.1 Introduction

Diaphragms are a critical part of the lateral load path as they transfiateraloads to
and betweenwertical elements of théateral forceresisting systeniLFRS), e.g., moment frames
or shear wallsTypically, diaphragm design in North America issbd oradeep beam analogy in
which diaphragms include the field of diaphragm resistinglame shear, chords resisting forces
from in-plane flexure, and collectors transferring lateral load to vertical elements in LFRS. The
diaphragm in a building maygqaireretrofit whenthe moment frames or shear walte relocated
due to renovationswhen there are new penetrations in the slab, or in older buildings when
deficiencies in théliaphragmoad path, strength, or ductility are discovef@thaidat et al. 2011)
The use ofiber-reinforced polymes (FRP) to strengthen diaphragms shows significant promise
and has been used in practice because diigfestrength and stiffnede-weight ratioand less
intrusive installation thanraditional methods, such as concrete overlays and steel jacketing.
However, there is limited research on the topic and even less guidance in desigaucbdas
ACI PRG440.2R23(2023) ACI PRG440.2R23, the guide for the design of externally bonded
FRP for strengthening concrete structures, focuses on bearas vails, and columns and does
not addres®C members such as deep beams and diaphragms.

The studies on RC diaphragms are limited despite their key role in the load transfer in RC
buildings. A survey of literature has shown that strengthening RC memitieexternally bonded

FRP laminates enhances the shear capacity of RC diaph(Agyas et al. 2023; Hutton et al.
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2025) Aryan et al. (2023) conducted an experimental study on five 180 in. long, 60 in. wide, and 4 in.
thick simply supported RC diaphragms with four specimens strengthened with externally bonded
unanchored FRP. The testhosved that the strengthening increased the shear strength of the
diaphragms by about 50%, with carbon FRP retrofits providing higher ductility than glass FRP. Three
retrofitted specimens failed due to FRP debonding, starting at the locations of diagamairabks
and one failed due to concrete crushing at the loading pdiriton et al. (2025)testedsix 102 in.
long, 120 in. wide, and 4 ithick RC cantilever diaphragms, including ounsretrofitted and five
FRP retrofitted specimens, to explore how externally bonded FRP affgidtsimshear behavior.
Their results show that shear strengthening with FRP increased the stiffness and shear strength of
the RC diaphragms, and FRP debonding led to thedaof the diaphragms. The increase in shear
strength was attributed to the shear crack bridging and control provided by FRP. Further, the
retrofit with FRP oriented perpendicular to the shear force was found to increase shear strength by
74% of the inaease obtained from the retrofit with FRP applied parallel to the shear force. After
debonding the FRP froitihe concrete the end anchorage allowed sustained load levels beyond
peak. The intermediate anchors did not impact the peak shear strength, |del topkiRe and
reduced deformation capacity.

Based orseveraktudies available in the literatyreskar et al(2022)identifiedthat factors
such as FRP orientation, number of layers, spacingc@mctete compressive strengtlieat the
shear strengthening of RC bearGhayeb et al(2023)studied the effect of strengthening two
way RC $abs using @rbonrFRP for punching shearsing different widths of FRP sheets and
spacing. The study showed better performance with higher FRP coverage. Also, for the same
amount of coverage, 3 in. wide FRP sheets provided higher strength and stiffnpasecbio the
specimen with 6 in. wide FRP sheets. Several researcherfengud and Chen@004) Monti
and Liotta(2007b) Oller et al(2019) have also identified that there exists an interaction between
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existing steel and FRP in strengthened members, thus affecting the contribution of these
components. An experimental study by Oller e(2019)on ten fullscale RC beams externally
strengthened by CarbdfRP sheets found that thentribution of transverse steel reinforcement
changed with FRP strengthening and attributed it to bla@ge in strut orientatioas a resulof

the strengtheningn these studies, better shear performance in the presence of FRP was often
associated with high tensile strength of FRPincrease in crack resistance, andelay in shear

crack.

The work by Dhakakt al. (2025) has shown thatantinuumbased finite element (FE)
analysiscan be used tmodelthe behavior oRC diaphragmsThis is particularly useful for RC
diaphragms where conductingfull-scale experimestis challenging due to their size and
conplexity (Arnold 2019; Erickson 2019; Goodwin et al. 2019; Harries and Witt 20H@FE
analysis process can be used to investigate the diaphragm behavior under design pénameters
might influence diaphragm performance

This papempresents expanmental and numerical studies examining the behavior of RC
diaphragms externally bonded with FRP under varying concrete, reinforcing steel, and FRP
properties. Four RC diaphragm specimens with different FRP strengthening schemes were tested
and their pelastrengths, failure mechanispand FRP strains were analyzed. The FE models were
developed based on the previous study on the calibration and validation of RC diaphragms with
externally bonded FRP (Dhakal et al. 20ZB)e FE models weraleveloped usind\baqus a
commercialFE analysis softwareyith the builtin concrete damaged plasticif¢DP) model for
concrete,ductile damage criteria for reinforcing steelpng with a surfacéased cohesive
tractionseparation law for the FRP boadd FRP anchor3he effect of concrete compressive

strength, reinforcing bar yield strength, reinforcing bar ratio, FRP elastic modulus, coverage, and
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orientations on the shear behavior of RC diaphragasstudied using the FE models. The peak
strength, component contttion to the shear strength, stress in reinforcing bars, reinforcing bar
yield strength, FRRoncrete bond damage, concrete tensile damage, and concrete compression
damage were examined in the FE modélse influence of FRP on the behavior of existing
reinforcing bars was assessed by comparing longitudinal stressesbars irstrengthened and

unstrengthened configurations.

4.2 Experimental Studies

Experimentson RC diaphragmsvere conducted at the Thomas M. Murray Structures
Laboratory at Virginia Techo study the performance of RC diaphragms strengthened with
externally bonded FRP3he details of the experimental program can be found in Hutton et al.
(2025) The numerical simulations ithis paper are based on the four RC diaphragms in these
experimental programis Specimen CD6, Specimen CD7, Specimen Civ@l Specimen CD10.

The specimens were strengthened with FRPs on the top surface of the diaphragm with varying
composite elastic modus, laminate thickness, number of FRP layers, coverage, laminate width,
anchorage schemes, and orientations.

The RC specimens were designed to simulate a deficient diaphragm shear zone adjacent to
a shear wall. Each specimen, approximately-bedile reltive to a typical building, consisted of a
3.05 m x 2.59 m RC cantilever diaphragm with perimeter beams cast integthlshear wall as
shown inFigure4-1(a) and (b) The diaphragm was 4inch-thick, two-way flat slab with two
chord beams perpendicular to the applied load and one edge beam along the applidtkeload.
perimeter beamaere designed to remain elastic up to the maximum capacity atthator. The
chord beamsvere 10 in.x 10 in.square crossectiors reinforced with six#8 barsand the edge

beam wad 2 in.x 10 in.rectangular crossectiors reinforced with 1646 bars.The 12 in.thick,
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38 in.deep RC sheawall segment was overdesigd to be able to withstand the reaction force at
the peak of actuator capacity. All the longitudinal reinforcement in the diaphragm extended into
the shear walF-urther, at the location tiieintersection of the beam¥iespecimerwassupported

on rollers mounted om concrete pedestalhe slab reinforcement consisted of an orthogonal
arrangement of steel reinforcing bars providarginforcing ratio of approximately 0.18% based

on temperature and shrinkage requirements in ACH3L&019) In the FRP strengthening
scheme, various parameters of AR 45° and 98 oriented FRP sheets, single and miayiered

FRP sheets, and different surfaceveragesvere used. The schematics of the experimental
specimens with the FRP layowtse shown irFigure4-2, and the photographs of the specimens
are provided inFigure 4-3. Concrete, reinforcing steel, and FRP details for the specimens are
provided inTable4-1.

The Specimen CD@astestedto study the effect of FRP strengthening in the direction
perpendicular to the shear force. The FRP layout included 9.7 9A.8idch wide, unidirectional
CarbonFRP sheets oriented perpendicular to the applied shear force, as sHaguréa#-2(a).

The FRP provided approximately 50% coverage to the top surface of the diaphragm. Each sheet
was anchored at its longitudinal ends and two intermediate locations wtihcB/%-Wrap HM
CarbonFRP anchors. The slab reinforcing steehsisted of two matsf orthogonal D50

31t UQ8 deformed steel wire bars spaced at 12 in. centeenter in each direction.

The Specimen CDWasintended to investigate the effect of FRP strengthening in the
direction parallel to the loadingith FRP amount and shr contribution significantly higher than
thatof theexistingreinforcing steel. The slab reinforcing steehsisted o& single mat of #3 bars
spaced at 12 in. cent&r-center in each directioifhe retrofit scheme in Specimen CD7, shown

in Figure4-2 2(b), included two layers of 20 oz./fidl2-inch wide, FRP sheets oriented parallel
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to the applied shear force and provided full coverage. The nominal shear strigéhspecimen
determined as the sum tife concrete,w, reinforcing steew, and FRP contributioryp were
greater than or equal to the maximum allowable limi8lafd ac{) ih ACI 31819 (2019) The
majority of the shear strength contribution was provided by, RiRFthe ratio of FRP contribution
to steel contributiono 7w equal to 2.6Four 5/8inch CSSHMP CarborFRP were provided at
each end of each sheet.

The Specimen CD9 was designed to investigate the effect of FRP strengthening in the
direction both parél and perpendicular to the loadingith FRP amount and shear contribution
significantly higher tharthat of the existingreinforcing steel. The slab reinforcing steel amount
was further reduced than in Specimen CD7 emubkisted of single mat of #3 bra spaced at 18
in. centefto-center in each directioifhe retrofit scheme in Specimen CD9, showkigure4-2
2(c), used two layers of 20 oz.Aid 2-inch wide FRPand provided full coverage. The first layer
of FRP was applied parallel to the shear foarelthe second layer was applied perpendicular to
the shear force. The retrofit was anchored around the perimeter of the shear span with two 16 mm
(5/8-inch) CSSHMP CarborFRP at each end of each sheet. The nominal shear strengths of the
specimen exceeded the maximum allowable limi8lajd &.) ih ACI 31819 (2019) with the
ratio of FRP contribution to steel contributienfw equal to 4.2 for CD9.

The Specimen CD10 was designed to study the effect of FRPs oriented approximately
perpendicular to the shear cracksr the strengthening, 9.7 oz.fyd 2inch wide FRP sheets
oriented in a{45°/+45°] configuration, as shown Kigure4-2(d), were usedThe [45°/+45°]
orientation was expected to be favorable in controlling the propagation of diagonal shear cracks.
The FRP retrofit provided approximately 70% coveragthé top surface of the diaphragm. The

FRP sheets were anchored at their longitudinal ends witm&8V-Wrap HM CarborFRP and
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3/4-inch V-Wrap HM CarboAFRP anchors. The slab was reinforced wilingle mat of #3 bars
spaced at 18 in. centar-centerin each directionthesame reinforcing as used in Specimen CD9

The specimens were loaded with an actuator connected to steel channels, which were
bolted to the edge beams at five locations along the length of the edge beam. This configuration
producedshear adtng the length of the loaded end. A reversed cyclic displacement protocol
following the quasstatic cyclic testing guidelines was applied. The two ends of the edge beam
were restrained against uplift through a roller assembly at the two ends sfettl channels.
Throughout the loading, actuator loads and displacements, diaphragm and shear wall
displacements, uplift and FRP strains, crack maps and debonding pattertisnelapse videos
were recordedThe diaphragm shear angle was calculated using displacements measured using
string potentiometerd.he global shear angle was calculated by subtracting thetgig rotation
of the shear wall from the difference betwéamgitudinaldisplacementsf theloading beam and

shear wall divided by their perpendicular distance.

12 in. thick shear wall
restrained against

translation in all three
directions

10in

10 in. wide
chord beams
12 in. wide
edge beam

Vertical translation of ___—%
edge beam restrained Cyclic
displacement history

(a) Schematic details of specimen. (b) Photograph of Specimen CD7 before testing.

Figure 4-1. Testconfiguration.
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Table 4-1. Construction detailsfor the diaphragm specimens.

Parameters SpecimerCD6 CD7 CD9 CD10
Concrete
fe' (psi) 4470 2650 2980 3100
Ec (ksi) 3640 2934 3013 3174
fsp (PSi) 420 309 328 334
SlabReinforcing Steel
Reinforcing 2 mats of D5 I-matof#3 1-matof#3 1-matof#3
configuration @ 12 in. clc @ 12in.c/lc @ 18in.c/c @ 18in.cl/c
" 0.21% 0.23% 0.15% 0.15%
fy (ksi) 75 60 60 60
Es (ksi) 29000
FRP
Manufacturer 1 Layerof CSS 2 Layersof 2 Layersof 2Layersof CSS
Label V-Wrap CSS VWrap CSS \Wrap V-Wrap
C100HM C220 HM C220 HM C100HM
Density 9.7 oz.lyd 22 oz.lyd 22 oz.lyd 9.7 oz.lyd
Er (ksi) 16700 14700 14700 16700
fru (ksi) 216 152 152 216
e (in.) 1 2 2 2
tr (in.) 0.02 0.04 0.04 0.02
ws (in.) 12 12 12 12
s (in.) 24 12 12 24
Eo0TOI I Qt 0.25% 2% 2% 0.71%
U [94 [oY0Y [0Y904 [+457-454

where £: Compressive strength of concrete, Elastic modulus of concrete: Steel einforcing

ratio, "Q@ Yield strength of reinforcing steel,sEElastic modulus of reinforcing steels: E

Longitudinal elastic modulus of FRE,: ultimate tensile strengtif FRPn¢: Total number of FRP

plies, w: Width of an FRP plyst Thickness of an FRP ply; €/c spacing of FRP sheets; FRP

reinforcing ratio| : Orientation of plies with respect to the applied force
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Figure 4-2. Test specimen retrofitdetails.

(a) Specimen CD6 (b) Specimen CD7 (c) Specimen CD9 (d) Specimen CD10

Figure 4-3. Photographs of the top view of the specimens before testing.
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4.3FE Modeling and Validation with Experimental Results

4.3.1Modeling of the RC Diaphragms

Threedimensional nonlineaFE modelsof the four diaphragmspecimens Specinen
CD6, Specimen CD7, Specimen C&d Specimen CD10 discussed in the previous section
werecreatedusing the softwar@baqus(Dassault Systémes Simulia 20ZIhe NewtorRaphson
iterative method within Abaqus was used to condunzinlinear static implicit analysi$he basic
geometryof the modelshown inFigure4-4(a) and (), included the concrete slab, chord beams
and edge beams The other components of the setup, such as the shear wall and the concrete
pedestals, were not explicitly modeled; instetheir effects were integrated into the simulation
using boundary conditions, as showirrigure4-4(c). To simulate the fixityprovided by the shear
wall, all nodef the slab and chord beams in contact with the shear wall were resaigaiadt
translationin all directions At the intersection of the chord and edge beavhgre the diaphragm
wassupported underneath by rollen®unted on concrete pedestdisingthe test, thenodelwas
restrainecagainstout-of-plane translationThe readers are directed to the previous work (Dhakal
et al. 2025) by the authors for details on the calibration and validation process.

Although the experimental specimens were subfetdea cyclic displacement history to
evaluate issues like cyclic strength degradation during seismic loading, monotonic loading was
applied in the FE models for computational efficiency and to avoid challenges associated with
modeling cyclic behavior, shcas cyclic damage and crack opening elnding(Moharrami and
Koutromanos 2016)To facilitate comparison between the cyclic test results and monotonically
loaded models, envelope curves were extracted from the test data. It is rabtedatbhing
monotonic behavior to the envelope of a cyclic test will not capture the larger strength that would

be expected from a monotonic test, nor the cyclic damage. However, the monotonic model is
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expected to capture the fundamental behavior andasiten between the FRP, reinforcing steel,

and concrete, which is the focus of this work.

Uz=0;
Concrete
pedestals

Chord Beam Reinforcement
Slab

FRP anchors

Uy; applied
displacement

Ux=0 o “‘:QI:‘-I\
Uy=0 roles
Uz=0; Shear wall interface

(a) Concrete and Rebars (b) FRP and concrete mesh (c) Boundaryconditions

Figure 4-4. FE model geometry.

The concrete portion of thediaphragns was modeled using full-integration solid
continuum8-node linear brick elemen(seferred to a<3D8in Abaqug. The reinforcingsteel
bars in theslab andhe beamswere modeled usingyvo-node lineadisplacement truss elements
(referred to as T3D2 in Abaqus) and were assumed to be perfectly bortledctmcrete using
embedded constraints. The externally bonded FRP sheets were representddunsioge,
guadrilateral, stress/displacement sleédinentswith reduced integratiorréferred to asS4Rin
Abaqug. As will be discussed later, the bond characteristics between the concrete and FRP were
simulated using surfadeased cohesivieond behaviarA mesh sensitivity studwith 8 in., 6 in.,
41in., 2in., 1 in, and 0.5 in. meskizesfor all the elements determined that-aa2h mesh size for
the solid and truss elements, and-ach for shell elements, provided a reasonable balance
between accuracy and computational cost.

The engineering stresdrain data from coupon testthe reinforcing bargere converted

into true stresstrain valuego be used for the material models of the corresponding bars.

113



Effect of Design Parameters on Shear Behavior of Reinforced Concrete Diaphragms Strengthened with
Externally Bonded FRP Sheets

The CDP model, which defines the behavior of concrete material usingaheepts of
isotropic damaged elasticity in combination with isotropic tensile and compressive plastiagy
used to represent the behavior of concrete matdred. compression and tension constitutive
models, compression and tension stiffness damage, flow potential pagnystéd surface
parametersand viscosity parameters were specified to define the miakeLiniaxial compression
response of concrete, showrHigure4-5(a), was nedeled using a symmetric Hognestad parabola
(Hognestad 1951)The constitutive behavior of concrete subjected to uniaxial tension followed a
linear elastic relation with a modulus of elastici, up to tensile strengthim, followed by a
bilinear softening responsé&he tensile strength of concrete was taks65% of the measured
splitting cylinder strengtiQ (Collins and Mitchell 1997)The values oE. andfsp, were obtained
from cylinder test data. The tension stiffening effgitbert and Warner 1978yasincorporated
usinga fracture energy cracking criteriaf the CEB-FIP Model Code 199(Béton 1993)with
the bilinear stresdisplacement relationship as showrFigure4-5 (b). Thedamage parameters
for tension di, and compressionl, which representlastic stiffness degradation during ppsak
unloadingandrange from 0 (undamagedt peal to 1 (completelydamagedeyond peak), were
defined as tabular functions of cracking displacemienttension and inelastic strainsn
compression. The calibrated values of A5”and 10° was used for Dilation Angle in models
without FRP, Dilation Angle in models withRP, and Viscosity, respectively (reference Dhakal
et al. 2025 for more information). The default values as defined in Abaqus were used for the other
plasticity parameters.

The FRP composites were modeled with linear elastic orthotropic shell eleribats
material model included ultimate tensile strength equal to the value provided by the manufacturer

and no compressive strengths the contribution of FRP to compression is assutoede
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negligible. The bond between concrete and the externally bondeds=&Rical for the model to
accurately capture the ultimate behavior of the experimental specimens and has been defined in
terms of a surfacbased tractiorseparation lawas shown irFigure 4-5(c). The anchors were
modeled using the same cohesive traectieparation law with larger fracture energy. This larger
fracture energy delayed FR®ncrete bond failure in the anchor zone, simulating the contribution

of anchorembedment in concrete.
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(a) Concreteompressiomehavior (b) Concrete postracking (c) Tractionseparation law
tension behavior

Figure 4-5. Material constitutive relations.

4.3.2Comparison of Experiment and FE Results

The actuator shear forces shear angleesponseand the correspondingnvelopecurves
for the fourspecimes are shown inFigure 4-6, and a summary of the test results for all four
specimens is tabulated Trable4-2. For all four specimens, the peak load was associated with the
debonding oFRP. The cracks in concrete in the push direction (N to S in the figures shown) of
loading are marked with thick solid black linesidthe debonded FRP regias marked with red
color inFigure4-7.

The load vs shear angle plot for the Specimen CD6 with one layer of FRP oriented

perpendicular to the applied loading is showkigure4-6(a). Initial flexural cracks began in the
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specimen at 84 kipand with the increase in the load, shear cracks started appearing at 100 Kips.
The peak load for the specimen was 250 kipa stiear angle of 0.00364 radians. At the peak,
sheets S2 ah S3 experienced debonding along 75% of their length, and sheets S1 and S4
experienced localized edge debonding. A maximum strain of 0.46% in FRP was observed in sheets
S2 and S3 at their mileéngth. During the pogteak cycle, at 242 kips, the end anctintediate
anchors towards the loading beam end in sheet S2 pulled out. Further loading caused the widening
of the primary diagonal tension crack ahd rupture of the slab reinforcing bar. At later cycles,
end and intermediate anchors towards the sheasida of the sheet S3 pulled out.

The load vs shear angle plot for the Specimen CD7 with two layers of FRP oriented parallel
to the applied loading is shown kigure 4-6(b). At 725 kN (163 Kips), diagonal tension cracks
were first observed in the specimen. As the number of cracks increaseahwitinease in load,
FRP sheets began debonding near the middiheet S4 at 863 kN (194 kips). The specimen
reached a peak load of 1263 kN (284 kips) at the shear angle of 0.0046, i@didrish localized
debonding was observed in sheets S2, S3, and S4. A maximum FRP strain of 0.29% was recorded
at the peak loadnlthe negative cycle, at the peak load of 1210 kN (272 kips), the sheets S4, S5,
S6, and S7 were completely debonded. In the-peak cycles, the slab edge region where the
FRP anchors were installed experienced yghitowed by a direct shear crack thie interface
between the slab and loading beam. Further loading caused concrete spalling in the direct shear
crack region.

The load vs shear angle pfot Specimen CD9 with two layers of FRRhe bottom layer
oriented parallel to the applied loading and the top layer oriented perpendicular to theilaading
shown inFigure4-6(c). At 583 kN (131 kips), diagonal tension cracks were first observed in the

specimen. The first signs of FRP debonding were observed in sheet S5 at 1085 kN (244 kips) and
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a shear angle of 0.0027 radians. The specimen reached a peak1d4d &N (319 kips) at the
shear angle of 0.0038 radiams which localized debonding was observed in sheets S4, S5, S6,
and S7. A maximum FRP strain of 0.34% was recorded at the peak load. In theglosycles,
a direct shear crack was observed in thierface between the slab region and the shear wall.
Further, FRP anchor putiut was observed in the flange region of the slab.

The load vs shear angle pfor the Specimen CD10 with two layers of FREhe bottom
layer oriented at approximately 45 degs counterclockwiseand the top layer oriented at
approximately 45 degrees clockwise to the applied loadirsgshown inFigure 4-6(d). In the
positive cycle, thdirst diagonal shear cracks were observed at 111 kips load at 0.00049 radians.
Localized debonding was observed in sheet 388 kips load and 0.0015 radians shear angle.
At 236 kips, sheets S6, S7, S8, and S9 debonded in the region between shrdtS¥along the
diagonal shear crack. At the peak load of 280 kips at 0.0034 radians, the sheets S6, S7, and S8
ruptured at the location of the major diagonal shear crack. The rupture region is markad with
dotted blue line irfFigure4-7(d). A maximum FRP strain of 0.86% was recorded at the peak load
in sheet S9. In the pepkak cycle, at 171 kips and 0.0067 radians, sheet S9 ruptured. Further

loading caused conete spalling primarily along the diagonal shear cracks.
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Figure 4-6. Experimental load vs shear angle plots.

Table 4-2. Summary of the results for the experimental specimens

Parameters CD6 CD7 CD9 CD10
Shear at First Cracking (kips) 84 163 131 104
Peak Shear Strengthpadk(kips) 250 284 319 280
0.0036 0.0050 0.0038 0.0047
0.0086

Shear Angle aPeak Shear Strengthaflian3
Max. FRP st r aiss(radigns) P 0.0046 0.0029 0.0034
DTC+D DTC+D DTC+D DTC+D+R

Failure Mode at Peak Load
1. DTC = Diagonal Tension Cracking; DGoncreteFRP DebondingR = FRP Rupture













































































































































































































































































































































































































































































































































































































































































































































































































