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Ex ec uStuimmear y

Lateral forces generated by wind, earthquakes, and other horizontal loads are transmit-
ted fromthe floordiaphragms to the columns and waliat compriseéhe vertical lateral force
resisting system in a buildin&trengthening of thdiaphragms in older reinforced concrete
buildings maybe necessary for several reasons, includingnttane seismic performance,
addressnadequate strength or stiffnegspvide missingor incompletdoad pathsjmprove
inadequate shear transfer/coniaticapacity andto accommodat changes in theise and
occupancyof the structureEngineers are currently usimgternally bonded fiber reinforced
polymer (FRP) compositds retrofit deficient diaphragmdlowever this application ide-
yond the scope ofturrent FRPrelated design documents, including ACI RR4D.2R17
AGui de for the Design and Construction of
Concrete Str uct consensud .aroufidhdesign eammmeradtions for FRP
strengthening ofliaphragmss problematic and creates uncertainty about which approaches

are proven and whatrebest practice.

Thisreportsummarizesheresults from a experimentatesearch program designed to
investigate theheabehavior of reinforced concrete diaphragms strengthened using externally
bonded FRP. Signehalf scale reinforced concrete cantilever diaphrageretested in shear
to evaluatehe influence of FRP maiat, density, spacingyrientation,andintermediatean-
chorage configuration on the performance of diaphragm strengthdiiagspecimens were
designed to represethie diaphragm shear zone adjacerstgbear walin a concrete building
The tests were performed usiageverse cycliaisplacemenprotocolrepresentative of earth-
guake actionsThe tests inclueda baseline unretrofitted concrete specimen, followed by five
retrofitted specimens with different configations of externally bonded FRP. Each retrofitted
specimen wadesigned tonaintainasimilar FRP axial stiffness while varyirthe FRPretrofit

parameters.

The resultsdemonstratedhat externally bonded FRP retraifig improved both the
shearstrengthand stiffness of the strengthened test specinfdhghe retrofitted specimens

experienced an FRP debonding failure initiated by intermediate shear cracks \igldtbé



the diaphragmoccurring after yielding of the internal steebar Theresultshighlighted that

the overall behavior of the specimens was influenced by the way the retrofit schemes were
proportioned and detailed. For examplee application of FRP parallel to the direction of
applied shear was found te most effective at increagjithe diaphragrstrength Conversely,
theapplication ofFRPperpendiculato the applied sheavas found to increase the diaphragm
ductility. In addition the shear strength contribution of externally bonded FRP was signifi-
cantly influenced by the retrofsurface coverag€ompared with narrow strips of higlen-

sity fabric, etrofits detailed with less dense fabric spread uniformly over the surface exhibited
superior performancdue to bettecontrol of the shear crackBurthermoreno meaningful
difference in performanceasobserved between diaphragms strengthenedghass and car-

bon FRRcompositesprovided the retrofitsvereproportioned to achieve comparable levels of
stiffness This finding suggests that either type of fabric maysb#able for diaphragm
strengthening. Finally he use obverstrengthintermediate FRP anchodsd notnoticeably
affectthe FRPshear strength contributiorlowever, the presence of intermediate anchors led
to localized failures that concentrateélastc diaphragm response between anchor locations,

resulting in a significant reduction in diaphragm deformation capacity.

The test results were used to develepigh recommendatiorfigr shearstrengthening
existing concrete diaphragmssing externally bondeFRP. The recommendations includie
guidanceon how toestablish the effectivERP desigh strainandthe nominal shear strength
contributionof the FRRPboth ofwhich tended to be conservataedunderestimadd the actual
behaviorobserved during the expments.The recommendations also address the use of in-
termediate and end FRP anchors, limitations on the clear spacing between sheets, and other

factors pertinent to retrofit design.
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Chapter1.l nt roducti on

1.1. General

Therole of the horizontal lateral force resisting system (hLFRS) in a building is to
transmit lateral loads to the vertical lateral force resisting system (VLFRS). In reinforced con-
crete structures, the hLERis comprised of diaphragm shear zones, chords, and collectors.
The chordsare designed teesist flexure due to lateral loadinghile the diaphragm shear
zonesare designed tensure thee lateral loads are transferred to the collectérslly, the
cdlectorsare designed ttransfer the lateral loads into the vLFRSgure 1.1 illustrates the

role of the hLFRS in a typical reinforced concrete din.

Lateral forcéO (wind, seismic, blast, other extreme load) vLFR®all
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Figurel.l. Reinforced Concrete hLFR&) Components of the hLFRS; (b) Schematic of the
Lateral Force Resisting System in a Typical Concrete Building (ACI 2019).

1.2. Motivation

Reinforced concrete hLFRS often require retrofit when elements of the vLFRS are re-
located due to renovations, wheertd are new penetrationatin the slab, or in older build-
ings when deficiencies in the hLFRS load path, strength, or ductility are discdnézedews
with engineers who have experience strengthening older buildings indicatégptbaldefi-
cierciesin reinforced concrete hLFR®&clude: (i) low strength concrete with compressive

strengths less than 3000 ;p@i) thin slab depths that do not meetrrentcode requirements



(i) Grade 40 reinforcing steednd(iv) reinforcement ratios/spacings that dut meet code
requirements. Some reinforced concretd.FRS retrofits rely on providing increased slab
thickness and encasement of existing components to improve the seismic perf¢Fraditse

2006) However, engineers struggle with these interventions fiilegeare expensive, disrup-

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

may require strengthening the gravity system and/or vLFRS.

Alternatively, FRP composites may be usesla retrofit technique for diaplgra
strengtheningTechniques involve bonding a FRP composite system to the existing concrete
surface to add additional tension strength to the sydfataernally bonded FRP & proven
and commercially viable construction technolaggely usedfor mitigating earthquake vul-
nerabilities and corrosierelated issues in slabs, moment frames, and shear(w&ll2017)

Yet, the use of FRP to address hLFRS deficiencies is outside the scope of curreslakdiP

design documents (del R&€astillo et al. 2019). The lack of consendaseddesign recom-
mendations for FRP strengthening of deficient hLFRS is problematic and creates uncertainty
about which approaches are proven and what is best practice. Despite these issues, a number
of FRP stengthening projects on concrete hLFRS have been completed over the past decade
to address deficiencies related to chords, collectors, apldme diaphragm shear strength in
hospitals, schools, government, and private sector buildings, both in the Stated and

abroad (Rosenboom and Kehoe 2009; Arnold et al. 2011; Ellsworth 2013; Aegion 2016;
MacFarlane and Gold 2016; Rosenboom et al. 2017; Ormeno et al. 2019).

The completion of the aforementioned projects indicates a clear industry need for via-
ble FRPstrengthening techniques as eeffective alternatives to traditional strengthening.
However,ACI PRG440.2R17 (2017) whichisthd mer i can Concrete | nst|
the Design and Construction of Externally Bonded FRP Systems for Strengthenicrgt€on
Structuresdoes not cover FRP strengthening of hLFRS due to a lack of available test data
(Harries and Witt 2019)T'his lack of guidance is problematic because RBIG440 (2017)
is thecurrentstateof-the-art document being used for strengtheniogarete structures with
FRP. Most other components covered by ARRG440 (2017) can be tested at full or near
full scale, while fullscale FRFstrengthened hLFRS tests are not feasible for most testing pro-

grams (Erickson 2019Members of ACI Subcommitée 440.0F have been aware of the



deficiency within ACI 440 (2017)puttheyhave been unable to develop ngwdance due to
the lack ofavailabledata.

As a result of a lack of data relatedRBRP strengthening dfLFRS, designers have
relied on test dataf FRP strengthened shear walls to justify diaphragm strengthening (FEMA
2006). However, this approachay be inappropriatbecause shear walls have significantly
different geometry, stress states, and failure modes. Diaphragms are often much thinner with
ratios of thickness to plan dimension substantially smaller than shear walls. Shear walls are
often prismatic and act as cantilever beams with-defined axial force, bending and shear
at the base (ACI 1992), whereas diaphragms have many reaction lpothts vVLFRS with
openings and reentrant corners making the stress states highly indeterminate and complex.
Flexural hinging at the base is the preferred failure mode for shear walls which is not applicable
to hLFRSbecause thegre likely to experience @phragm shear failure, loss of shear transfer

at the perimeter, or axial failure of a collector.

1.3. Objectives& Scope

The overall objective of this research project isw@stigate the performance of rein-
forced concrete diaphragms retrofitted using extgrbanded FRPTo achieve this objective,
a largescale experimental test setup was devised, and reinforced concrete test specimens were
specifically designed to exhibit a shear failure that would allow fd? stiearstrengthening
in subsequent specimemstotal of sixspecimens will be tested, with one serving as the un-
retrofitted control and the remaining five strengthened with various configurations of exter-
nally bonded FRP systenfStrain and strength limifer diaphragm strengtheningll be ex-
ploredas a functiorof FRP material, density, and spacing. The effectiveness of end anchorage
versus intermediate anchorage FRP bond performanaell also be investigated. Further-
more, parallel versus perpendicular orientation of FRP plies with respect doeébgon of
applied shear force will be studietheresults will be compared to design calculations from
ACI PRG440.2R (2017) in order to validate and expand upon existing guidelines. The exper-
iments focus on diaphragshearstrengtheninglue tothe citical lack of design guidance and

test data.This research contributes to increased infrastructure sustainability by facilitating



reuse and reconfiguration of existing buildings to satisfy changing occupant needs while also
mitigating structural deficienes to produce resilient behavior during natural hazards.

Thescope of this research prograras follows:

1. Review of previous research into the use of fiber reinforced polymers for retrofitting
reinforced concrete diaphragmsidentify research gaps.

2. Conduct &perimentaltestingof six, 4 in. thick, 10 ft x 8.5 ft cantileverdiaphragns.
One specimen will serve as an unretrofitted control whilé¥leeaemaining specimens
will be strengthened with various arrangements of externally bonded FRP. The five
retrofit configurations will vary FRP material, ply width yp$pacing, ply orientation,

and anchorage.

3. Analyze test datw understand how variationsiRP material, ply width, ply spacing,
ply orientation, and anchoragéfectstiffness, strength, FRP strain, ductility, and en-

ergy dissipation.

4. Evaluate existing ACPRG440.2R specifications relating to shear strengthening of
diaphragms with FRP. Identify any issues and knowledge gaps in the existing specifi-

cations and propose revisions

1.4. Report Organization

Chapter 1 presents an overview of the project and researchivigehapter 2 sum-
marizes relevant literature pertaining to the retrofit of reinforced concrete diaphragms with
externally bonded FRP. Chaptgni@sentspecimen details and methods involved to complete
the experimental study. Chapter 4 providestéstresults from the sispecimens. Chapter 5
includesan analysis of the testing results. Chaptesvéluates the impact of the variables
within the testing matxi andprovides a discussioof design considations and Chapter 7
provides conclusions and design recommendatiddsgitional design calculationslesign
drawings, experimental measurements, FRP data sheets, crack maps, and detailed corrections

are provided in the Appendices.



Chapter2.Li t er ature Review

2.1. Overview

Limited literature is available regardingplane shear strengthening of reinforced-
crete diaphragms with externally bonded FRP. Nonetheless, this chapter summarizes the cur-
rent state of design guidelinesreview of prior research involving FRP strengthening of re-
inforced concrete diaphragms, and a discussion of example buildinge #R® has been

applied to improved diaphragm action.

2.2. Current Strengthening Guidelines

ACI PRG440.2R17(2017)i s t he Ameri can ConcDesigre | nst
and Construction of Externally Bonded FRP Systems for Strengthening Concrete Structure
Shear strengtheniraf reinforced concrete membaspresented in Chapter 11; howewvibie
guidance within this chapter is primarily focused on reinforced concrete lagmoslumns.

Due to this focusthe recommended retrofit schemegluding complés wrapping, three
sided Uwrapping, and a tw-sided installation, do not apply to reinforced concrete diaphragms
thatare most typically strengthened on one side ¢blyakal et al. 2022 Neverthelessjue

to the lack of specific guidelindbe guidancewithin Chapter 11 of ACPRG440.2R(2017)

is used tadesign and proportion strengthening schemestfear deficient reinforced concrete
diaphragmgOrmeno et al. 2019) To determine the shear strength of a reinforced concrete
memberstrengthened with FREQ. (1) can be used.

W W W @ «y
where:w is the nominal shear strengfibs); w is the nominal shear strength provided by
concretglbs); w is the nominal shear strength provided by Sfbsl),  is the FRP strength
reduction factothat accounts for bond reliabilitgndw is the nominal shear strength pro-

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

ment yielding, and debonding or rupture of FRIew simultaneously.



The nominal shear strength provided by concretecan be calculated with E¢R)
adopted from Chapter 12 of ACI 318 (2019).

O 0 ¢ Qe )

where:w is the nominal shear strength provided by condile®; 6 is thegross concrete
section for diaphragms @)) _is the lightweight concrete modification factor; di@dés the

concrete compressive strength (psi).

The nominal shear strength provided rejnforcing steel,w, can be calculated with
Eq. (3) and is also adopted from Chapter 12 of ACI 318 (2019).

w 0 ""Q (3

where:w is the nominal shear strength providedsbsel (Ibs)0 is the gross concrete section
for diaphragms (i?); ” is the ratio of distributed reinforcement oriented parallel {plame
shear; andQis the reinforcement yield strength (pdije contribution of reinforcement ori-

ented perpendicular to thejplane shear is typically ignored for design mss.
The nominal shear strength provided by F®Pcan be calculated witq. (4).

5 Qi QEIDEIQ )
i

W

where:w is the nominal shear strength provided by KRB), 0 is the area of FRP shear
reinforcement(in?); "Q is the effective stress in FRPBsi), | is the angle of application of
primary FRP reinforcememelative to the longitudinal axis of the memljdeg) Q is the

effective depth of FRP shear reinfement(in.); andi is the centeto-center spacing of FRP

strips(in.).

The effective stresef FRPusedin Eq (4) can be determined with E¢p) which is
dependent on an effective strathapter 11 of ACPRG440.2R (2017) explainge effective
strain is significant because externally applied FRP typically delaminates from the concrete

surface prior to reaching the FRP materi al 0:s



Q O- (5

where:"Q is the effective stress in FRPsi); O is the tensile modulus of elasticity of FRP

(psi); and- is the effective strain in FRf./in.).

Two equationdor determining the effectivERPstrain argresentedn Chapter 11 of
ACI PRG440.2R(2017) Equation11.4.1.1is intendedfor completely wrapped members
while Equation 11.4.1.% intended fobondedU-wraps orbonded face plieBothequations
were developed for unanchored FRP retrofits on beamsrapuse an effective strain limita-
tionof 0.24.Whi | e nei ther equation may be appliabl
advisory panel indicated that engineers are using the equatibhwrapsbonded face plies
for diaphragm retrofit desighis equation was calibrated from FRP pidkts which could
be similar to tension forces experienced by FRP sheets installed on reinforced concrete dia-
phragms for shear reinforcement (Khalifa et al. 1998)e effective FRP straifior U-
wraps/bonded face pliean be determined with E(f).

- - T8t (6)

where:- s the effective strain in FRh./in.); I is the bonedependent coefficient for shear;

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

The bonddependent coefficient for shedir,, can be calculated with E¢7) and is
dependent on the active bond lengith,the concrete modification factd®, and the wrapping
scheme modification factok). Each of these variables can be determined with iems48),
(9), and(10) respectively.

Q0 7)
T oy

where:ll is the boneédependent coefficient for shed®, is the concrete modification factor;
Q is the wrapping scheme modification factor;is the active bond length (inand- s

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



QUTT (8)
€00 8

where:0 is the active bond length (ind;is the number of FRPlips; 0 is the thickness of

one FRP ply (in.); an@® is the tensile modulus of elasticity of FIR#3i).

i "o | (9)
0 2=
T TUTTTT

where:"Q is the concrete modification factor; af@eis the concrete compressive strength

(psi).

. Q 0 P
Q TS xOADO (10

. Q O . L o
Q TCOXOEAAAO AAA

where:Q is the retrofit scheme modification factd®; is theeffective depth of FRP shear

reinforcementin.); and0 is the active bond length (in.).

Dhakal et al. (2022) reported that a panel of academic and industry professionals rec-
ommenaed a design strain  no greater than 0.15% preventintermediate crack induced
debondinglimit the loss of aggregate interlock contributing to the concrete shear strength, and
limit the reinforcing steel straito control crack widths (Dhakal et al. 202Bjowever, no data
is available to support this limitherefore, onenajor desired outcome dfis study is to de-
termine an effective FRP design strain for FRP strengthened reinforced concrete diaphragms.

Chapter 11of ACI PRG440.2R (2017galso discusssthe need forfurther research to
investigate the spacing of FRP stripfie spacing of FRP is an important paramétat is
intended to control crackingVider FRP strip spacing tends to increase diagonal concrete
crack formations in the clear spacing between strips (Khalifa et al. X298¥ntly, the only
limitation is far FRP to adhere to the internal steel shear reinforcement spacing limitations
defined inChapter 18 of ACI 318 (2019) which limits the spacing of reinforcement in floor

and roof systems to 18 inchéaurthermorea reinforcement limit is defined within Obizr



11 which is presented as Hd1). This requirement is intended to limit the shear strength
provided by reinforcing steel and FRP in order tovprng diagonal crushing of concrete struts.

O o Y wHQ (11)

where w is the nominal shear strength provided by gibs); » is the nominal shear strength
provided by FRRIbs), "Ceés the compressive strength of concrgtsi);, @ is the web width
(in.); andQis the distance from the extreme compression fiber to the centroid of the tension

reinforcementin.).

Chapter B of ACI PRG440.2R(2017)includes guidance for seismic strengthening;
however, reinforced concrete diaphragms are not mentioned. Nonetpete$sipns are in-
cluded fo shear wallstrengtheningEg (12) from Chapter 13rovides the nominal shear
strength of FRP for aneto-two-sidedretrofit. This equation isrequentlyused for diaphragm
retrofits. Ormenoet al. (2A9) explained that because no explicit diaphragm strengthening
guidelines exist, the design equations intended for beams, slabs, and walteraa€elopted

for diaphragm strengthening in practi€@rneno et al. 2019
w ¢co- 0Q OxT OEAMMAOOT A£EO (12
®w T™o0- 0Q 11 AOEARMOOT AEO
where w is the nominal shear strength provided by RRB); 0 is the nominal thickness of
one ply of FRP reinforcemefin.); - is the effective strain in FR{./in.); O is the tensile

modulus of elasticity of FRIpsi), Q is the effective depth of the shear w@fl.); and he

constant representhe number ofsides retrofitted with FRP; howevaet,is conservatively

reduced to 0.75 for one sided retrofits.

2.3. Diaphragm Tests

Aryan et al.(2022)performed a series dive tests involving reinforced concrete dia-
phragms subjected to cyclitbireepoint bending,in-plane shear load. One specimen served as
an unretrofitted control while the four others were strengthened with various configurations of

externally bonded FRP. The four retrofits varied FRP material, FRP ply width, and the number



of sides to whib the FRP was appliedhe testing setup used in the study is showFiguare

2.1
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Figure2.1. Testing Setup Used by Aryan et al. (Aryan et al. 2022)

The control specime(Bpecimen D in Figure2.2) was reported thave failed due to

concrete diagonal shearacking. The three specimens strengthenecdnoly one sidefailed
due to FRP delamination followed by concrete diagonal shear cracking. The authors noted that
the specimen strengthened on both si&secimen 35-2) locally failed due to concrete
crushingat the load application pointhe experimental results showth@teach strengthened
specimen experienced an increase in shear capattgl stiffness, andknergy dissipation.
Theshear capacitgnd stiffness improvements are showifrigure2.2 which compares each

s p e c i me-defiestion envalape curvdhe CFRPstrengthened specimens (Specimens 3
H-1 and 3H2-1) and GFRPstrengthened specimeiiSpecimens &-1 and 3G-2) both
showed an increase in ductility up to%&nd 38%, respectively. The authors also reported
that the steel reinforcement strac@responding to the orsded retrofits were reduced by
about50% when compared to the contgpecimen. Moreover, the CFRP and GFRP strains
were limited to 0.% and 0.756 prior to debondingrespectively. The authors also compared
the experimental results to the theoretical shear capacity theislgear wall retrofit equations
presented previolisas Eq (12). This analysis showed that the predicted strength values were
14 to 33 perceriess than the experimental valugshould also be netl that none of the FRP
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sheets were anched on any of the retrofitted specimens. Instead, the FRP sheets were
wrapped at the edges through the diaphragm thickaessndition which provides excellent
mechanical anchorage to the FRIe authors realized that the ends of a diaphragm are not
often acessible in practice; therefore, they recommend future research on FRP anchorage sys-
tems(Aryanet al.2022)

1000 ——
— 3-0
= 3-H-1 //
S I
= —o— 3-G-2
3
S 0
@®
(@]
-l
500
1% 0 0 10 20

Displacement (mm)
Figure2.2. Load Deflection Envelopes (Aryan et al. 2022).

A study carried out by Nakashimaatt(1981)involved inplane loading ofinstrength-
enedeinforced concrete diaphragms. The test specimens were intended to represent an interior
floor panel supported by a shear wall on one side and by columns on the other. Full scale
specimens were notdsible; therefore, a scale ratio ot 5 was utilized. The testing setup
was novel becauseatlowed two specimens to be constructed and cast at the sam@ hiene
specimens were isolated from each other by a central panel that allowed each specanento b
tested independently. Each specimen also receivplne load via five evenly spaced studs

A dimensioned plan and elevation view of the specimen configuration is sh&igune?2.3.
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From the experimental testingsik specimens, the authors reafthatcyclic loading
reduced the iplane capacity of the specimens up té@and applying service gravity loads
reduced the uplane capacity by about ¥ However, theesearchers also reported that the
effect of cyclic loading or combined-plane ad gravity loading on ductility was negligible.
Furthermore, the authors noted that the opening and closthg wiajor crack controlled the
deflection once the ultimate load had been exceeldealfailure of the specimen was associ-
ated with rupturing ofainforcing steel at the major crackhe authors also analytically con-
cluded that the uplane capacity of reinforced concrete diaphragms is controlled by a flexural
or shear failureThe shear failure is described as a diagonal crack that separatesjaldria
section from the rest of the diaphra¢ifakashimaet al.1981).

2.4. Building Diaphragms Strengthened with FRP

Del Rey Castillo et al2019)reported on two existing projects that involved strength-
ening of reinforced concrete diaphragms with FRRe project involved a building in Auck-
land, New Zealand where the hollowcgrecasfloor system was proven twave inadequate
tension capacity due to lateral loading scenafl@sremedy the deficiency, FRP strips were
applied in both orthogonal direotis Additional FRP strips were installed along the perimeter
which was anchored with FRP anchors. The other project was focused on another deficient
hollowcore floor systenwithin a building in Wellington, New Zealand. To strengthen the

12



tension capacityfahis diaphragm, FRP strips were again installed in both orthogonal direc-
tions. FRP strips were also installed along the perimeter; however, this retrofit \@riubed-

ded steel plates that were anchored to the bond beam instead of FRP @nplarsiew of

this retrofit is illustrated irFigure2.4. The authors concluded that the common approach to
increase diaphragm capacity with FRP involves installingrémogonal grid of FRP strips

paired withperimeter strips that are anchored to the existing boundary element. However, the
authors emphasize that there is no research data to justify this common retrofit approach or
any anchorage types. Furthermore, the autponst out that no design guidance currently
exists for diaphragm strengtheningARI PRG440 (2017), CNRDT200 (2013), or fib bul-

letin 14 (2001) del Rey Castilloet al.2019).
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(1No. total strips)

Apply two layers of SikaWrap -800C (NZ} - S00mim wide sirips
or ane layer of SikeWrap - G00C (NZ) side by side - 1000mm wide
(2No. totel strips)

Apply two layers of SikaWrag -500C (NZ} side by side - 1000mm wide
(aNo. total strips)

#90)  Edge detall/transfer to existing parimeter walls with 2 layers of
Sikawrap Hex-100 G unidirectional glass fibre fabiric placed at
+a5degrees (1 layer +25deg and 1 layer -45deg) cn a 2-1/2" min radius
of thickened Sikadur-300 epoxy, and SikaWrap FX-50 € carbon fibre
strings (1/4" diameter at a 100" 0.C. max spacing)

BEN Egge dotail/transter to new intemal walls wath strp running under wall

LEGEND - SUPPLEMENTARY STRIPS (Stage 2

Apply additional one layer of SikawWrap -603C (N7 - S00mm wide strips
at 1500mm centres max - in rach orthogonal direction to supplement
the corroded mesh. Diachragm strips (Stage 1) can also be considered
as supplement to corroded mesh as required, to avoid duplicates.

Supplementary Strips  600C  500mm wide

Figure2.4. FRP Plan Schematic (Del Rey Castillo et al. 2019).
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Ormeno et al(2019)conducted irsitu sheaitear tests on FRP strips installiedthe
Wellington, New Zealand building previously mentiongétdese tests were conducteddp-
plying an inplane tensile load to one end of an externally bonded FRP sheet to determine the
tensile capacity of the bonded systé&kthile the authors recognized that no strengthening pro-
cedure currently exist the test results were comparedeftecive tensile strain and bond
lengthpredictions The authors reported that thesiu tensile strains were 1.5 times greater
than what was predicted using ABRG440.2R Additionally, it was noted that higher tensile
strengths could be developed if theFFRas bonded beyond the calculated development length
using ACIPRG440.2R. Ultimatelythe authors concluded that specific guidelines need to be
developed for FRP diaphragm retrofits including specific equations for calculating the tensile
capacityof FRP(Ormenoet al.2019).

2.5. Summary of Literature Review

This literaturereview demonstrates a clear need for experimental testing focused on
FRP strengthened diaphragms. While common retrofit practices are being used, very little re-
search and no design guithes currently exist to support these practice® &tperimental
studydescribed in thiseportaims to closeseveral of the criticaknowledge gapgertaining
to diaphragm shear strengthenamy use the results to draft preliminary desgpommenda-

tions.
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Chapter3.Ex per i ment al Progr a

3.1. Overview

This experimental prograconsisted oix cantilever reinforced concrete diaphragm
tests One specimeserveal as an unretrofitted control while the five remaining specinens
strengthened with various arrangemaaitexternally bondedRP and FRP anchorag&his
chapter provides an overview of the test matrix and retrofit schemes sspbetnen details

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

3.2. Test Matrix

Isometric views of theantilever diaphragm specimarepresented ifrigure3.1. The
diaphragm spannegift 6 in. (102 in) from the shear wall boundary and measuredt (120
in.) in depth. Two 10 in. wide chord beams and one 12 in. wide edge beam extended 6 in.

below the underside of the 4 in. thick sI8ee SectioB.3for more specimenedails.

120x 100

100x 100 Edge Beam

Chord Beams

(b

Figure3.1. Isometric Views of the Diaphrag®pecimen(a) Top View; (b) Bottom View

The test matrixshown inTable3.1, consisedof six cantilever diaphragm specimens.
One specimen, CD1, served as the unretrofitted control, while the five remaining specimens,

CD2-6, were retrofitted with various arrangemeoitexternally bonded FRP.
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Table3.1. Retrofit Testing Matrix

FRP Ply Configuration FRP Anchor Configuration | Design
Compo- hick Axial
. site | Thick- |,,, Spac- |Orienta- Diame- |Anchors| o,
Speci- | FRP | vodu- ness, ¢ W'dth ing, Y| tion,h | Layout | ter Per Stlff“DeSS,
men ID | Material | | o Al in) og(in.) in) | (deg.) (in) | Sheet
(ksi) (Kips/in/in)
CD1 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
VWrap
CD2 | C100HM,| 16700| 0.02 12.0 24 0 End Only, 0.5 2 4008
CFRP
Tyfo SCH Intermed
CD3 11UP, | 13900| 0.02 145 | 23.2 0 0.75 4 4031
+End
CFRP
Tyfo SEH
CD4 51A, 3730 | 0.05 | 21.0 21 0 End Only] 0.5 4 3917
GFRP
VWrap
CD5 | C200HM,| 14240| 0.04 7.0 25.7 0 End Only] 0.75 2 3987
CFRP
VWrap Intermed
CD6 |C100HM,| 16700| 0.02 12.0 24 90 0.75 4 4008
+End
CFRP
One i mportant consideration in the retrof

pacity of 330 kips. This load capacity dictated a design strengthtdirarisureeach specimen
could be tested tfailure. The control specimen was designed to fail ieashat approximately
hal f of t he ararthermotepench setrofittadospecimen was designed to incor-
porate four FRP sheets with edividual ply stiffnessp , of approximately 4000igs/in/in.

The individual ply stiffness was calculatedwEq. (13). Each retrofit was also designed to

target a reinforcement limithere the shear strength contribution of steel and FRP (assuming
an FRP design strain 6f4%) was limited to 5 to 7 times'Caes ‘Q
v 000 (13

where:0 is the individual FRP ply stiffneg&ips/in/in); ‘O is the average FRP composite
tensile modulus reported by the manufactgkei); 0 is the FRP ply thickness reported by the
manufacture(in.); and0 is the width of the FRBheet(in.). The relevant values for each

specimen are provided rable3.1.
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Each retrofitted specimen utilized FRP anchaosdalled at the ends of the shetts
delay debondinglThe end anchors for Specimen CD2 were sized based on reocolsiimes
of the projedds advisory panel, resulting in an anchor diamegguiredto develophalf of the
tensile strength of the FRP sheet being anchdieel remaining retrofitted specimens, GD3
CD6, utilized anchors sized to satisiy overstrength factor of 1.5 times the area required to
develop the tensile strength of the FRP sheet being ancl8pecimers CD3 and CD6 also
includedequivalently sizedntermediate anchors to investigate anprovement to bond and
strain developmentesulting from anchors placed within the shear transfer regiois was
expected to simulate typicalefd retrofits which involve applying FRP in the parallel and
perpendialar directions while also providing intermediately spaced FRP anchors.

Accordingtome mber s of t he prtypicatfield rétrofitsacahwmons/o r y
utilize a 2Goz/yc?, 24-inch wide, unidirectional CFRP fabric. As each specimen was designed
to represent a half scale diaphragm, the retrofits were also specified as half scale. Conse-
quently,Specimen CD2vas designed with a 1@r/yc?, 12-in wide, unidirectional CFRP fab-
ric. Specimens CD3 to CD@ried FRP material, width, thickness, spagcagd/ororientation
while maintaininga similarply stiffness as the first retrofitted specimen. piacticality, the
layout of FRP was designed to be in the paraligerpendiculadirection of the applied shear
to cross the expected diagonal tension cradké field of the diaphragm. The following pro-

vides a detailed description of each of the specimens.

3.2.1 CD1: Unretrofitted Control Diaphragm

Specimen CD1 was designed to study the shear capaciteniffarced concrete dia-
phragmand serve as the control spaen. The specimen was designed so that diaphragm shear
would be the controlling limit state. Flexure, concrete crushing, and direct shear at-tfoe slab
shear wall interface were designed to be stronger than the diaphragrstsdregth However,
due topoor concrete consolidation within the edge beam, this specimen was strengthened to
avoid a premature direct shear failurear the load application pointhis involved the in-
stallation of one, 12 in. wide, 10 ft long, +45° bidirectioh&oz/yc? CFRP sheet directly
adjacent to the loading channel. Additionally, six, 3Gif2 in., +45°18-0z/yd bidirectional
CFRP sheets were installed between each loading point. This strengthening configuration was

anchored with a total of twelve ¢ in. CFRPanchors with a 6@egree, 12anch-long splay,
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embedded at an average depth of four inchks.strengthening layout of Specimen CD1 is
shown inFigure3.2. A photograph of thispecimen is shown iRigure3.8(a).

Shear Wall

T 125
+45° Sheet
(CFRP)
\
6, 30"x12” \
+45° Sheets 12, 93" CFRP
(CFRP) Anchors

Figure3.2. Strengthening of Specimen CD1

3.2.2 CD2: Baseline CFRP Retrofit with End Anchors

The first most simple retrofit corresponds to Specimen @bich was intended to
study a typical halscale CFRP strengthening scheme that covers approximagélpBibe
diaphrgm. A 9.7-oz/y, 12-inch wide, unidirectional CFRP fabriSimpson Strongie
20223), spaced at 24 inches was selected for the retrofit of CD2@A in. CFRP anchor with
a 60degree, 12nch-long splay was embedded at an average depth of four inchethands
of each CFRP striplhe anchors were installed 5.5 inches from each end of the diaphragm to
avoidther ei nf orcing steel within the speci menods
Like Specimen CD1, poor concrete consolidation within thgeedzbam warranted additional
strengthening to prevent a premature direct shear failure. The additional strengthening in-
cluded the installation of six, 30 i#.12 in., £45° bidirectional CFRP shedtetween each
loading point.The retrofit layout of Specien CD2 is shown ifrigure3.3(a), and the anchor

details are shown iRigure3.3(b). This specimen is also shownhkigure3.8(b).
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3.2.3 CD3: Baseline CFRP Retrofit withIntermediate Anchors

Specimen CD3 was intended to study plagentialbenefit of providing intermediate
anchors within the field of the diaphragm. It was expected that these intermediate anchors
would delay intermediate cradhkduced debonding of the FRmRdhconsequenthallow a
greater FRP strain priortodebonding Thi s speci meno6s r e-bzayd,fit wa
14.5inch wide, unidirectional CFRP fabr{€yfe 2022), spaced at 23.2 inches. Specimen
CD3 was equivalent to Specimen CD2 with tadditional intermediate anchors provided on
each sheefThe intermediate anchors were spaced 38.5 inches from each end anchor. This
spacingwas selected to avoid the diaphragm reinforcing steel when drilling anchor holes and
resulted in a nominiform ancho layout. All anchors were upsized o @t in. to satisfy an
overstrength factor of 1.6mes the area required to develop the tensile strength of the FRP
sheet being anchoredhis overstrength factor came from the experience and recommenda-
tions ofthe po | e advigory panednd was usetbr all remaining specimengédditionally,
the anchor embedment depth was reduced to three inches to avoid concrete blowouts during
drilling. Each anchor fan was 14.5 inches long with alé@ree splayThe retrofit layat of
Specimen CD3 is shown Kigure3.4(a), and the anchor details are showRigure3.4(b). A

photograph of thispecimen is shown iRigure3.8(c).
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Figure3.4. Retrofit of Specimen CD3a) Plan View of Retrofjt(b) Anchor Details

3.2.4 CDa4: Full Coverage, Low Modulus, GFRP Retrofit with End Anchors

The purpose obpecimen CD4 was to investigate the effect of |ateraxial stiffness
by providing a 270z/ycf, 21-inch wide, unidirectional GFRP fabr{€yfe 202d), spaced at
21 inches. This retrofit maintained an equivalent axial stiffness of Specimen CD2 while utiliz-
ing a fabric with a lower modulus and greater stefaoverage. While this retrofit would re-
guire more surface preparation than the others, it was expected that the cracks in the diagram
would be more uniformly restraingdesulting in improved overall loadeflection and FRP
bond behaviarTwon @¢ in. CFRP anchors with a @fegree, 12nch-long splay were em-
bedded at an average depth of three inches at both ends of each GFRP sheet. This anchorage
configuration was expected to perform better than'od& in. anchor while maintaining the
same areafoonen @t in. anchoy thus providing an anchor overstrength factor of THe
retrofit layout of Specimen CD4 is shownhkigure3.5(a), and the aror details are shown

in Figure3.5(b). A photograph of thispecimen is shown iRigure3.8(d).
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3.2.5 CD5: Narrow Coverage, High Modulus, CFRP Retrofit withEnd Anchors

Specimen CD5 was intended to study the effect of laminate axial stiffness by maintain-
ing an equivalent ply stiffness of Specimen CD2 while utilizing a fabric with a higher modulus
and less surface coverage. The retrofit was composed of-aZlyd?, 7-inch wide, unidirec-
tional CFRP fabriqSimpson Strondie 202d), spaced at 25.7 inches.’AdT in. CFRP
anchor was provided at both ends of each CFRP Eisigh anchor fan was splayed 12 inches
in length and embedded at a depth of three indifeswide clear spacing between strips was
expected to cause more severe cracking in the field of the diaphragm and allow a spacing
limitation to be determined. While this retrofit presented constructability challenges related to
the use of narrow FRP stapit also provided the advantage of reduced surface preparation.
The retrofit layout of Specimen CD5 is shownHigure 3.6(a), and the anchor detgiare

shown inFigure3.6(b). A photograph of thispecimen is shown iRigure3.8(e).

Shear Wall |
1n
25.7" :
4, 7" Strips, (V=Wrap C200HM) i T I - jr ‘
— A A R R D R R AT dil s
= N = 3" J 3’ Diameter V Wrap o
8, #3" CFRP Anchors HM Carbon Anchor
(b
“ & & |
(a

Figure3.6. Retrofit of Specimen CDHa) Plan View of Retrofjt(b) Anchor Details
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3.2.6 CDG6: Baseline CFRP Retrofit Installed Perpendicular to Load

The motivation behin@pecimen CD6 was to study the effect of FRRRalled perpen-
dicular to thedirection ofapplied shear force. Like Specimen &R 9.7oz/ydf, 12-inch wide,
unidirectional CFRP fabri¢Simpson Strondie 2022), spaced at 24 inches was selected for
this retrofit. A @t in. CFRP anchor was providedl lzoth ends of each CFRP stajpng
with two intermediate anchors spaced at 26 indBash anchor fan was splayed 12 inches in
length and embedded at a depth of three indhetalling the strips perpendicular to the ap-
plied shear was expected to beessl effective strengthenisgrategy as opposed to a parallel
retrofit. The retrofit layout of Specimen CD6 is showrFigure3.7(a), and the anchaletails
are shown irFigure3.7(b). A photograph of thispecimen is shown iRigure3.8(f).
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Figure3.7. Retrofit of Specimen CDGa) Plan View of Retrofit (b) Anchor Details
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(f) e .
Figure3.8. Photos of Strengthened Specimd@a3:Specimen CD1; (b) Specimen CD2; (c)
Specimen CD3; (d) Specimen CD4; (e) Specimen CD5; (f) Specimen CD6

3.3. Reinforced Concrete Specimen Details

Figure3.9 presents a plan view of the diaphragm specimen along with a cross sectional
view of the chord beams, edge beam, and shear wall. Each specimen consid@ sf&5
ft cantilever diaphragm with an adjacet® in. thick, integrally cast shear wall. Each
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diaphragm specimen was a faoch-thick, two-way flat slab with beams thatasintended to

be approximately halscale relative to a typical building. Easpecimen incorporated two

chord beams and one edge beam. The reinforced concrete specimens were designed to simulate
a deficient diaphragm shear zone in a hLFRS adjacent to a shear wall. This configuration en-
abled the research to focus on mechanisms edrstesistance within the diaphragm zone as

well as shear transfer between the slab and vLFR& complete set of detailed drawings for

the specimen are included in Appendix A.

The slab reinforcement shownkigure3.9(a) consisted of two mats of orthogonal D5
deformed steel wire bars spaced at 12 in. ceénteenterin each directionvith pj ¢ in. cover.
The D5 deformed bars are geometrically equivalent to No. 2 deformed bars; however, it should
be noted that these bars have a higher strength and lower ductility in comparison to typical
ASTM A615 reinforcing steglsee Sectio.8.2for material properties)rhis slab reinforce-
ment was selected based on the minimum reinforcing steel requirements, Q,00184l
318 for shrinkage and temperature reinéonent. The deformed wires were hooked to provide

suitable anchorage into the shear wall segrardtat the slab edges.
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Figure3.9. Test Specimen Construction Details: (a) Plan View of the Diaphragm; (b) Chord
Beam Reinforcing; (c) Shear Wall Segment Reinforcing; (d) Edge Beam Reinforcing with
Embedded Shear Transfer Assemblies.
The chord beams were 10 in. wide and extended 6 iowtible underside of the slab
with 8 ft centetto-center spacing. The flexural chord beam reinforcement, showigume
3.9(b), was designed to remagfastic up to the maximum capacity of the actuator and con-

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

Each diaphragm specimen was cast integrally with a 12 in. thick shear wall segment
that had a crossection 0f37.25 in. x12 in. (DxW). The shear wall reinforcement, shown in
Figure3.9(c), was overdesigned to able to withstameaction of 660 kipdhe primarychord
beam reinforcement extended through the shear wall segment and was fixed to the truss using
rebar couplers. The rebar couplers were installetherthord reinforcement aach side of

the truss bearing plates to be able to develop tension / caigoresider cyclitoadreversals.
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In plane shear resistance at the truss / shear wall interface was developed using a total of 24
ea dt in. shear studs. Additionalplane horizontal and overturning resistance of the shear

wall segments was provided byseries of p ofin. threaded rod tie downs.

The edge beam was 12 in. wide and extended 6 in. below the underside of the slab
with 8 ft centetto-center spacing with the adjacent shear Wdlk reinforcement within the
edge beam consisted b ea. No7 bars enclosed by No. 3 stirrups spaced at 4 in. The edge
beam also included ten embedded shear transfer assemblies shogure3.9(d). Each
shea transfer assembly consisted of a 10 in. x 7 ip} « in. steel plate with four, @t in.

headed shear studs welded to each plate.

3.4. Description of Test Setup

The experimental test setup shownFigure 3.10 incorporate two cantilever dia-
phragm specimens connected in the middle with a steel trusscdifiguration was used
because iallowed for the casting of two specimens simultaneoaslyproducedreactions
into the stronglbor that were parallel to the strong axis of the strong floor be@hestest
setupvasd evel oped based on dXpeknestdpiogrea Tleetreeand. 6 s (
of each cantilever diaphragm was supported witler®mounted on concrete pedestals which
restrained oubf-plane translationTo transfer loads into the specimen as uniformly as possi-
ble, in-plane load was applied to the slab throtgh MC12x31 loading channels bolted to
the ten shear transfer assemblembedded in the edge beam. Each shear transfer assembly
applied the actuatdoad to the specimen via fourdt in. headed shear studs. Additionally,
shear walluplift was restrained at two locatiorfsgure3.11(a) shows how the actuator head
was restrained from vertical translatiandFigure 3.11(b) details how the free ersbf the
loading channels were restrained from vertical translafitve. shear wall segment of each
diaphragm was cast on a WKIB2 bearing beam through 32 eadT in. shear studs. tplane
horizontal and overturning resistance of gfear wall segments was provided by a W4

reaction blockThe design calculations for the test setup are provided in Appendix B.

26



Vertical Translation Resistance
System Not Shown

See Figure3.11

Loading
Channels

Bearing

Support Beam

Pedestal

Reaction
Truss

Figure3.10. Schematic lllustration of the Test Setup
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Figure3.11 Vertical Translation Resistance Systems: (a) Actuator Vertical Translation Re-
sistance SysteirfAvellanedaRamirez2021); (b) Loading Channel Vertical Translation Re-
sistance System
Figure3.12 shows an excerpt of the reaction truss drawiiige reaction truss, reac-
tions blocks, and bearing beams were reusable, which helped lower-tiestpperimental

cost. Furthermore, experimental time was accelerated in this configuration because two
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specimens were cast at once and tested sequenitiadiyomplete set of detaileglaction truss

drawings and design calculations are provided in Appendix C and D respectively.
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Figure3.12. Details of Reactions Trus&) Plan View of Trusgb) Corner Connection Plan
Detail; (c) Corner Connection Section Detail.

3.5. Test Procedure and Loading Program

The diaphragm specimens were tested using &Bactuator that transferred load to
the specimen through the loading channé&lse reversed cylec displacement protocol im-
posed on each specimisrprovided inTable3.2. This protocofollowedthe quasistatic cyclic
testing guidelines in FEMA 46@007) Perthese guidelineghere wergwo cycles at each
displacemenstepandthe displacemerincreasd 40% from one step to the neX¥pecimen
CD2 was tested first and as showrTable 3.2, for all subsequent specimens, some displace-
ment steps were eliminated and some rates were incréasstive displacements were asso-
ciated with extension of the actuator, and negative atigphents were associated with retrac-
tion of the actuatorTests were stopped after reaching displacements of 2.178 in. to prevent

damage to the equipment or the test setup.
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Table3.2. Loading Protocols

Loading Protocol V1 (CD2) Loading Protocol V2 (CD1,3,4,5,6)
Step %Zﬂ&ﬁg N%n;slirsof Rate(in/min) | Step %Zﬁ&ﬁg Ng;girs()f Rate(in/min)
1 0.010 2 0.050 1 0.038 2 0.061
2 0.014 2 0.050 2 0.054 2 0.086
3 0.020 2 0.050 3 0.075 2 0.120
4 0.027 2 0.050 4 0.105 2 0.169
5 0.038 2 0.050 5 0.148 2 0.236
6 0.054 2 0.050 6 0.207 2 0.331
7 0.075 2 0.060 7 0.289 2 0.463
8 0.105 2 0.084 8 0.405 2 0.648
9 0.148 2 0.118 9 0.567 2 0.907
10 0.207 2 0.165 10 | 0.794 2 1.270
11 0.289 2 0.231 11 1.111 2 1.778
12 0.405 2 0.324 12 1.556 2 2.000
13 0.567 2 0.454 13 2.178 2 2.000
14 0.794 2 0.635 - - - -
15 1.111 2 0.889 - - - -
16 1.556 2 1.245 - - - -
17 2.178 2 1.742 - - - -

3.6. Instrumentation

Each test utilized sixteen strain gauges, ten stringnpiometerstwo laser diplace-
ment transducey$our timelapse cameras, and a digital image correlation (ByS)em Each
retrofitted specimen also included an additionalstiain gauges distributed along the FRP
laminateqlocations shown iChapter 4. Figure3.13displays the instrumentation layout used
with each test setufhe first two specimens, CD1 and CD2, had several deviations in the
instrumentation layout. String potentiometersB¥and SPTS were attached to the reiact
truss duringtesting of Specimens CD1 and CD2. Both instruments were fixed to a ground
support for all other specimens. Additionally, string potentiometeB®Pwas in plane with
the actuator during testing of Specimen CD2. This instrument was reldoatee underside
of the diaphragm to measure the displacement at the exterior face of the edge beam for all
other specimend.he distances between the mounting points of each string potentiometer were

measured prior to each test and are documented ian8ippE.
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LEGEND

g X Strain Gauge (4 Per Member)
o \/)///,\ #=/—— String Potentiometer
dl _2 ’(\ ) Vertical Laser Displacement Transducer
% . s .
SP—SW _/ DIC (2'x2" Area Varies in Location)

NOTES
SP—SE

1. SPTN and SH'S were attached to the reaction truss for Specimens CD1 and CD2. These two instruments were fixed to a ground
support for all remaining specimens.

2. SPSW was located in line with the actuator for Specime2 @fly. This instrument was m@dated to the underside of the slab as
shown for all other specimen¥he relocated position allowed the instrument to measure the displacement abttexior face of the
edge beam whilavoidng concrete spalling at the mounting location

3. FRP strainagiges not shown (See Chapter 4).

Figure3.13. Instrumentation Plan

Sixteen strain gauges were wlisutedonto the reaction truss where each HSS member
included 1 strain gaugeer side For eacldiagonaland chordnember, the four strain meas-
urements were averaged togethereliminate the effect of bending in either direction and
obtain an average axial straifhese strain measurements allowedItiael distribution to be
compared against the anticipatedd patternThe experimental forces were found to generally
agree with the truss design fordese Appendix F)To measure the FRP strain level for the
retrofitted specimenghe two interior FRP laminates were instrumented with three strain
gauges eachrhe precise locations of the FRP strain gauges are preser@edpier 4The

resistance andgaugee ngt h of the strain gauges was 120

Each specimen was instrumented with ten string potentiometers to measure displace-
ment under loadingsix of thestring potentiometers including SEN, SRCS, SPD1, SRD2,
SRVW, and SPEB wereused to determine the shear angle of the slab inside the beams, here-
afterreferredto asthelocal shear angl¢, . Using the Law of Cosinga shear angle at each

cornerof the slab inside the beams was calculated. The four resulting shear angles were
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averaged together to determine the local shear angle. The necessary equations required to de-
termine the local sheangleare provided as E¢14).

9

.. .06 Yo o YO0 6 YOo (14)
cO0 Y6026 YOb

.. .6 YO 0 YoO'Y O VY67
c00 Y#3200 Y67
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where:0 is the initial distance between the mounting rods ofC8Pand SFEB; 6 is the
initial distance between the mounting rods ofE®and SFD1; 0 is the initial distance be-
tween the mounting rods of P2 and SFCS; O is the initial distance between the mounting
rods of SPCS and SHD1; O is the initial distance betweeha mounting rods of SPW and
SRCN:; Ois the initial distance between the mounting rods eE8Rand SFCN; Y6 (is the
recorded displacement from SEN; YO 6is the recorded displacement from-BB; YOc is
the recorded displacement from-BR; Y6 "¥ the recorded displacement from-SB;Y6 7

is the recorded displacement from-8®/; YOp is the recorded displacement from-BE;

[ is the sheamnglecalculated with sensors SEN, SREB, and SFD2;[ s the initial
angle formed by the mountingds of sensors SEN, SREB, and SFD2;7 is the shear
angle calculated with sensors-88, SPVW, and SPD2;[ s the initial angle formed by
the mounting rods of sensors-88, SPVW, and SPD2;[ is the shear angle calculated
with sensors SIEN, SRVW, and SPD1;[ is the initial angle formed by the mounting rods
of sensors SEEN, SRVW, and SPD1;[ s the shear angle calculated with sensor&CSP
SREB, and SFD1;[ is the initial angle formed by the mounting rods of sensof€ SFSP
EB, and SFD1; and’ is the local shear angle.
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Four string potentiometers outside the chord and edge baaluding SPSE, SP

SW, SPTN, and SPTS were used to determine a shear angle hereafter referred to as the
global shear angle, . Equation(15) was used to calculatbe global shear anglEigure
3.14(a) illustrates the local shear angle of a specimen Wiglare3.14(b) presents the

global shear angl&he local shear angle was considered to best reprbssitear behavior

of the diaphragm slab; however, the string potentiometers used for this measurement were
unreliable after peak loadud to the movement and damage of the mounting rods after con-

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

culated for the entire duration of testibgt also included the deformation of the flexural

chords ad edge beam.

ST 15

where7 s the global shear angl¥:Y'Gs the recorded displacement from sensoiSEP
Y'Y wis the recorded displacement from sensoiSBP Y'Y Uis the recorded displacement
from sensor SAN; Y"Y"¥ the recorded displacement from sensoiTSE® is the distance

between sensors SN and SFSE; and) is the distance between sensorsT®Pard SR
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Figure3.14. Shear Angle lllustration: (a) Local Shear Angle; (b) Global Shear Angle
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3.7. Construction of Test Specimens

The construction ofhe test specimens began by buildiwgoden formwork Form-
work details are provided \ppendix G Plywood panels supported by26 s wer e | evel
the elevation of the bottom of the speci ment
by a series of doublexB girders that were elevatbg a series of braceck4 6 s wi t h adj us
shoring jacksA photo of the shoring system is providedragure3.15(a). The depth of the
S p e ci rmams vere then formed using&and plywood panels. Finally, the edge of the
slab was formed using a 4 in. piece of plywood that was braced witlo X . The shear
forms also consisted of plywood panels supportedddystuds and whalers with tensioesti
The formwork built was intended to be reused for all specintieesefore, it was covered with
a thin,2 mm sheet of plastic to prevent damalgeing formwork stripping operations.

Rebar cages for the shear wall, chord beams, and edge beam wasglasartg this
time. These cages were tied outside of the formwork for efficiency and later placed into the
formwork. The shear wall cages were first placed into the foFigsire 3.15(b) provides a
photo of the reaction truss and shear wall cages in g\sod, the chord cages were woven
through the shear wall cages and into the reaction truss where couplers were placed on both
sides of each piece of coupled rebar. Once these cages were in place, the free ends were hoisted
approximately 6 inches in the auith an overhead crane and woven together with the edge
beam cage. This system of rebar was then lowered to its resting place. The top plates belonging
to the embedded shear assembly were then suspended with a series sf7ZLhhimplywood
panels connged to two overheadxB 6 s . x6Téhse s2panned across the d
and bolted to each free end of the bottom, cast in place channel. To complete the rebar arrange-
ment, the bottom and then top mat of slab reinforcement was spaced aRttiee3.15(c)
shows a pair of specimens ready to be cast.

For each [acementone concrete truck delivered concrete to the lab. Two specimens
were casttea time; however, each set of specimens involved two separate cotexcetagnts
The initial dacementinvolved pacing both diaphragms and both shear walls to the top slab
elevation. From the truck, concrete wadagedinto a hopper that was flown the formwork
using an overhead crane. Tioemwork wasfilled from the shear wall over to the cantilever

edge. Each beam and shear wall were consolidated using a submersion vibrator, and a vibratory
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screed was used on the surface of the diaphragm fiel& Daconcrete was finished, it was
covered with Gnm plastic for moisture curing. Additionally, the tops of the shear walls were
intermediately raked with a piece of #3 rebar to establish a construction joint with a roughened

surface.

The secondarylpacanentsimply involved extending each shear wall 12 inchlesve
the slab elevatianTo prepare for thislacementthe construction joint was cleaned and vac-
uumed of any loose aggregate or debris. Next, the longitudinal rebar was tied to the exposed
U-stirrups, and formwork consisting of plywood panels ardl &uds was erected. The form-
work also utilized six tension ties to resist outward lateral pressure. Prior to the concrete arriv-
ing, the shear wall surface was dampened with water using a spray bottleoficrete was
again placed with an overhead crane and hopper and consolidated using a submersion vibrator.
The surface was trowel finished and covered with 6mm plastic for moisture ceiguge

3.15(d) provides a photo of the cured specimens.

After aminimum ofseven days of moisture curing, the surface of each specimen was
prepared for FRP installatioim accordance witlthe bond critical application guidelinesf
ACI PRG440.2R (2017), the diaphragm surface wamigdwith a concrete diamond angle
grinder toachieve a surface profile no less tlf@2oncrete Surface Profi€SP)3. A photo of
the concrete surface after grinding is showifrigsire 3.15(e). Once the surface was @und
the locatiors of each FRP sheetnd anchor were measured and marked. Next, the anchors
holes were drilled to the appropriate depth using a concrete hammer drill. After dtfieng,
anchor holes were cleaned by simultaneously inigwiebris from the hole using compressed
air while vacuuming the loose particlésnally, the diaphragm surface wawsept and blown

off with an air compressor.

The externally bonded FRP was installed otteeconcrete had cured for at least 14
days. This process started by priming the concrete surface with the manufacturers suggested
amount of resinResin thickened with fumed siliegas then uniformly applied to the primed
areas to fill voids and smoothe concrete surfacAdditionally, each anchor hole wasmed
using the thickened resiithe FRP sheets, which were cut and prepared prior to installation,
were then hand saturated with resin. The sheets were then transported and placed at the appro-

priatelocations on each specimen. To work each simetplaceand removeexcess epoxy
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andair bubbles a plastic drywaltrowelwasrun across the surface of the ER¥Ace the sheets

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

The fiber anchors were thdérand saturated with resin. To install the anchors, the dowel was
first inserted into the hole, and then the fan was splayed to the appropriate dimensions. To
complete the installation, thickened resin wagarmly distributed on top of each FRP sheet

and ancharAny anchor holes not completely filled were topped off with thickened regjn.

ure 3.15(f) shows a completed externally bonded FRP installation.
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©

FiguAré3.15. Photos of Construction Progressidga) Shoring Erection; (b) Reaction Truss in
Position; (c) Specimens Ready to Cast; (d) Specimens Qedeslurface Grinded; (f) Exter-
nally Bonded FRP System Installed
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3.8. Material Properties

3.8.1 Concrete

The diaphragms were constredaind cast in three separate pairs. Each pair of speci-
mens was specified to have a@®y compression strength of 3500 psi usingin. crushed
limestone aggregate and a slumpp of. The compressive strengtigesplitting tensile strength
"Q, and nodulus of elasticityO for each of the diaphragms at the time of testing is summa-

rized inTable3.3. Each value is representative of an average of at least tweeteylinders.

Concrete test cylinders wepgeparedaccording to ASTM C312022) Compression
tests were conducted following ASTM C82021) Additionally, litting tensile tests were
conducted in accordance with ASTM C4@®17, and theelastic modulus was determined
following ASTM C469(2022)

Table3.3. Concrete Material Properties$ the Time of Testing.

6" x12" Compressive |4"x8" Compressive| Splitting Tensile | Modulus of
Specimen Strength, Strength, Strength, Elasticity,
B=tpsi) B=tpsi) B Losi) L (X10° psi)
CD1 4760 4320 445 3.55
CD2 4570 4340 400 3.38
€D3 3670 3610 370 3.23
CD4
CD5 3950 4250 410 3.53
CD6 4470 4500 420 3.64

3.8.2 Reinforcing Steel

The reinforcement withithe field of the diaphragroonsisted of Grade 75, D5 de-
formed wire Following ASTM A370(2022) coupon tests were conducted to obtain the stress
strain behavior and yield strength of the D5 deformed wire. The siiress relationship of

thediaphragnreinforcementpbtained from threeoupon tests, ishown inFigure3.16.

All other reinforcing steel used to construct the shear wall, chord beams, and edge
beam consisted of Grade,68615rebar The material properties for these bars were seot e

tablishedbecause they were designed to remain elastic during testing
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Figure3.16. StressStrain Relationshipf D5 Coupons

3.8.3 Externally Bonded FRP

As shown inthe retrofit test matrix imTable 3.1, four different types of FRP systems
from two manufacturers were used. Specimen CD2 was strengtheneBimjibon Strong
TieandSt ruct ur al -Weap 619GHM.oSpscilmen CW3 was strengthened with
Fyf eodo-SCH1ylfUlP. Speci men CD4 was SSEHSAA §pediened
imen CD5 was strengthened with Simpson Stffnge and St r uct tWrapl Tech
C200HM. Finally Specimen CD6 was strengthened with Simpson Sffom@nd Structural
Tec hnol-Wegy@60HW. Theaveragedry fiber and cured composite properties re-
ported by the manufacturer for these materialsnsnsarizedin Table3.4. It should be noted
that the average composite properties of the -BEb+51A system were not reported by the
manufacturer; therefor@dable3.4pr ovi des t he manuf actfarthsr 6 s r €
materialonlyThe manuf acturer 6s t econpasitesystdm atkgprm-a s h e

vided in Appendix H.

The nmechanicalproperties of the FRP composites were established edtiamgular
FRP coupons 12 in. long and 1 in. widat fromtwo ply FRP witness panels which were
preparedn the day of each diaphragm rettofiwo inch long,emery cloth strips were later
bonded tahe ends of each coupon specimen using Loctite gekeT$ieips were intended to

prevent a failure in the grip region during testimreeFRP coupos representative of each
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FRP materialnderwent tensile testing in accordance with ASTM D3@8®8) The cured
laminatematerial properties obtained from these coupons is compared to the manufactured

reported material properties Trable 3.4. Additionaly, the stresstrain relationship of each

FRP coupon is included Figure3.17.

Table3.4. Manufactured Reported and ExperimemtaerageFRP Properties

Material

V-Wrap C100HM (CFRP)

Tyfo-SCH-11UP(CFRP)

(Simpson StrongTie 2022) (Fyfe 2022)
Origin Manufacturer |Experimental Manufacturer |Experimenta|
Type Dry Fibel Composit§ Composite |Dry Fibef Composite¢ Composite
Tensile Strengthkéi) 790 216 225 550 143 167
Tensile ModulusKsi) 42000 | 16700 13474 33400 | 13900 11804
Ultimate Elongation (%) 1.9 1.3 1.6 1.7 1.0 1.4
Thickness (in) - 0.02 0.02 - 0.02 0.03

Material Tyfo-SEH-51A (GFRP) V_—Wrap C200HM _(CFRP)
(Fyfe 202d) (Simpson StrongTie 2022)
Origin Manufacture® |Experimental Manufacturer |Experimenta
Type Dry Fibel Composite Composite |Dry Fibef Composite Composite
Tensile Strengthkéi) 470 66 106 790 180 105
Tensile ModulusKsi) 10500 3730 4596 42000 14240 9224
Ultimate Elongation (%) 4.5 1.8 2.4 1.9 1.27 1.14
Thickness (in) 0.05 0.04 0.04 0.07

(1):

| i s

Manuf ac tsltuowréor Ty fe-SEpH51A jaredesign \ealsles Average values not p
technical

hed on

Fyfeds

dat a

s he

et .
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Figure3.17. StressStrain Relationship of FRP Coupons

3.8.4 FRP Anchors

Each strengthened specimen utilized a carbon fiber anchor system; however, the man-
ufacturer and diameter varied. Specimen CD2 was anchored with SimpsonB&a
Structur al nIleirc 6350WmamHYMICA. Specimen CD3 was anchored with
Fyfre3ds4 i n. SCH Composite Anchonrl2 Speci
in. Tyfo SCH Composite Anchor. Specimens CD5 and CD6 were both anchored with Simpson
St r uc 03UkinaCSS Werap HM@AL Tiveydyy dileer and cad
composite properties reported by the manufacturer for tmed®orss summarized imable
35.The

Tyfo
and

StrongT i e

ma n u daacsheets fer eaghsanchor systeenpsovided in Appendix.

Table3.5. Manufacturer ReporteERP Anchor Properties

_ CSS \\Wrap HMCA Tyfo SCH Composite An-
Material (Simpson StrongTie 2022) chor
P 9 (Fyfe 2022)
Type Dry Fiber Composite | Dry Fiber Composite
Tensile Strengthkgi) 790 165 620 110
Tensile Modulus (x 10psi) 42 15 36 -
Ultimate Elongation (%) 1.9 1.1 1.7 -
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Chapterd. Exper i ment al Result

4.1. General

The experimental results obtained fréestingsix reinforced concrete diaphragms are
presented in this chaptelhe five specimens retrofitted with various configurationd=BiP
were studied to determine any enhancement in strength, ductility, or sbiltigegor appli-
cable specimens, the complete set of crack maps are provided in Appdratixehch speci-
men, he predicted lsear strength contributions of concrete, reinforcing steel, and FRP are
provided inTable4.1. The shear strength provided by concrete was calculated wit{REQ.
using the respective 6 iR.12 in. compressive strengths frdrable3.3, and he shear strength
provided by the reinforcing steel was calculatéth Eq. (3) usingthe experimentayield
stress of 88.3 ksAssuming an effective FRP strain of 0.4%dan effective depth of 120 in.,
the shear strettiyg provided by FRP was calculated with E4). using the ply configuration
variables fronTTable3.1. These predicted strength valas provided in each respective hys-

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

Table4.1. Predicted Shear Strength Components

Concrete Shear |  Steel Shear FRP Shear Dlapgtragm Shear
) rength,
Specimen Strength, Strength,ry | Strength, g ™ T TH

ki ki ki LA

(kip) (kip) (kip) (Kip)
CD1 66 78 - 144
CD2 65 78 80 223
CD3 58 78 83 220
CD4 58 78 90 226
CD5 60 78 74 213
CD6 64 78 80 222

Variousfailure mechanisms including diagonal tension cracking, rebar rupture, FRP
delamination, FRP rupture, anchor pullout, and anchor rupture are discussed within this chap-

ter. Examples of ach of these typical failure modessisownin Figure4.1.
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(o) E (f) S
Figure4.1. Typical Failure Modes: (a) Diagonal Tension Crack; (b) Rebar Rupture; (c) FRP
Delamination; (d) FRP Rupture; (e) Anchor Pullout; (f) Anchor Rupture.

4.2. Specimen CD1

Specimen CD1 was tested to observe #rdogpmance and failure modé einforced
concrete diaphragms in high seismic zones. Additionally, this specimen served as a baseline
for comparison with the five FRP retrofitted speciméite baseline specimeeached a peak
load of 2@ kips before failng due todiagonal tension shear followed by reinforcing steel

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

42



global shear angle was measured as 0.0049 radihadysteric plots of applied load versus

local andglobal shear angle are providedragure4.2(a) andFigure4.2(b) respectivelyThe

points labeled A through F on each of these plots correspond to the phbigaried.3(a)

throughFigure4.3(f). The global shear angle values corresponding to this specimen represent

a correction that was needed to account for string poteeteosnSPTN and SPTS being

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

AppendixJ.
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Figure4.2. Hysteretic Shear Angle Response of Specimen CD1: (a) Local Shear Angle; (b)
Global Shear Angle

Cracks were marked and measured throughout the test, and maps were peepared

document each crack and associated width aesytl, 16, and 2The first observation of

cracking was made during thegstive portionof cycle 11corresponding to a load of 52 kip

Figure4.3(a) shows the condition of the specimen as this pdmtly one crack was visible

which resembled a combined flexusdlear crackvith a width 0.15 mmDiagonal tension

cracking began durindhé positive portionof cycle 14corresponding to a load of 67 kips

Figure 4.3(b) shows the state of the specimen at this point of tesifigle more diagonal

tensio cracks propagated in thesitive loadingdirectionwith average widths of 0.3 to 0.5

mm, diagonal tension cracks in tinegative loadinglirection did no appear until cycle 17

corresponding to a load @8 kips This trend of crack development indiedtasymmetry in

the rigidity of the test setuffhe condition of the specimen at this point of the test is shown in

Figure4.3(c). Thespecimen reached its peak capaof 203 kips during cycle 19%nd its

corresponding conditiois shown inFigure4.3(d). Imminent failure was observed at a load of
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approximately 175 kips when the primary diagonal tension crack widened disproportionally
to other cracksThe state of the specimen at this point during testislgas/n inFigure4.3(e).

The crack widening then resulted in rebar necking and ru@srne load increaseBigure

4.4 showsthe extent of cracking at cycle 21 which corresponds to an applied displacement of
1.111 in.The final state of the specimenrresponding to eesidualload of93 kipsis shown

in Figure4.3(f).
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Figure4.3. Failure Progression of Specimen CD1:Idial Crackingat 52 kips (b) First
Diagonal Tension Crackingt 67 kips (c) Diagonal Tension Crackingt-98 kips (d) Condi-
tion at Peak Load d203 kips; (e) Dilation of Primary Diagonal Tension Craek175 kips

() Final Conditionof Failed Specimeat 93 kips.
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Figure4.4. Extent of Damage of Specimen CD1 at Cycle 21 (1.11Displacement)

4.3. Specimen CI2

Specimen CD2vas tested to observe the performance and failure madesofforced
concrete diaphragm strengthened with CFRP covering approxins@yof the surface with
end anchorage onlffhe specimen reached a peak load&tfips before failingdue tointer-
mediate cack inducedRPdebondingand anchorupturefollowed by diagonal tension shear
and reinforcing steel rupturAt the peak load hie local shear angle was measured as3®0
radians while thglobal shear angle wapproximateds 0.0691 radians.The hysteric plots
of applied load versus local and global shear angle are prowidédure4.5(a) andFigure
4.5(b) respectivelyThe points labeled A through F on each of these plots correspond to the
photos n Figure4.8(a) throughFigure4.8(f). The global shear angle values corresponding to
this specimen represent an approximate correction that was necessary due to concrete cracking
and spalling at the mounting location of sripotentiometers SBW and SPSE. The correc-
tion is a function of the actuator displacement and is detailed in App&ngox this reason,

the global shear angle measurements for this specimen should be used carefully.
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Figure4.5. Hysteretic Shear Angle Response of Specimef:(&) Local Shear Angle; (b)
Global Shear Angle.

The FRP strain behavior recorded from the ERRin gaugessuch as the plot of ac-
tuator force versus FRP strain showirigure4.6, is not intuitiveupon first inspection. There-
fore, the following discussion @ovided for better understandinithe strain gauges installed
on the FRP captured variable data that was highly dependent on the location of the gauge and
cracks in the specimehRigure4.6 provides a typical FRP strain gauge response cuhiehw
is labeled with four key point&oint | shows the initial elastic response prior to a crack form-
ing near the strain gauge. The strain then increases at Point Il when foaorecknd engages
theFRPsheet where the strain gauge was installed. The strain behavior then typicallg follow
a cyclic pattermntil peak load is reachedRoint Ill. Thetermination of the curve at Point IV

represents the maximum strain recordedheygauge.
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Figure4.6. Typical FRP Strain Walk Through
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The strain measurements associated with FRPsB2andS3are provided irFigure
4.7(a) andFigure4.7(b) respectivelyThree strain gauges were installed on both FRP sheets;
however, gtain gauge S3N was not functional during testiigure4.7(c) presents the loca-
tion and label of each FRP sheet and strain gatigeks in the diaphragm weobserved to
transverse the FRP sheets near the locations of gauges S2M, S2S, and SBRP Bhains
measured at these locations when peak load occurred were 0.32%, 0.37%, and 0.30%, respec-
tively. At peak load, the FRP strains measured with gauges S2183#dwhich were not

located near a crack, were 0.02% and 0.01%, respectively.
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Figure4.7. FRP Strain Response of Specimen CD2: (a) Strain Response oS3h@st
Strain Response of She®d; (c) Strain Gauge Layout.

Although aacks were markedn the concrete surfatbroughout the testhe crack
locations and associated widths were noppea and recordedhe first observation of crack-
ing between FRP sheets was made during ¢iséipe portionof cycle 23 corresponding to a
load of 125 kipsFigure4.8(a) shows the condition of the specimen at this point of testing

Diagonal tension cracks continued to form causing FRP s88etnd S4 texperience local
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edge debonding during thpsitive portionof cycle 29 corresponding to a load of 266 kips
Figure4.8(b) shows the state of the specimen at this point of theRiggtre4.9 was created
based on overhead photos anthdastrateshe approximate extent of cracking and delamina-
tion at cycle 29 which corresponds to an applied displacement of 1.1Thanspecimen
reached & peakcapacity of 280 kips durinthe positive portionof cycle 31 and its corre-
sponding condition ishown inFigure4.8(c). At the peak loadsRP sheets S2 ar88 delam-
inated approxi mately 75% along each respect
due to both end anchors maintaining integrity; howesteget S3 lost full capacity due to the
south end anchor rupturing. Furthermataying thenegative pdron of cycle 31(correspond-

ing to a load 0f233 kip9, the south end anchor of sheet S4 pulled out and bothreriwrs

of sheet S1 resisted end peelifige condition of the specimen at this point is showFigure

4.8(d). After the majority of delamination had occurred, the specimen began to predominately
fail due to diagonal tension shear during tlesifive portionof cycle 32 correspoiig to a

load of 159 kipsThe state of the specimen at this point of the test is shofigure4.8(e).
Finally, the primary diagonal tension craskdened,and rebar began to rupture duriting
positive portionof cycle 33 corresponding to a load of 111 kipke final condition of the

specimen ishown inFigure4.8(f).
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Figure4.8. Failure Progression of Specimen CD2: (a) First Diagonal Tension £ah&R5
kips, (b) Localized Edge Debonding of Sh&&at 266 kips (c) Anchor Rupture and
Debonding of Shee3at 280 kips (d) Anchor Pullout and End Peeliag-233 kips (e)

Condition After Debondingt 159 kips (f) Final Condition of Failed Specimext 111 kips
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Figure4.9. ApproximateExtent of Damage of Specimen CDZX3fcle D (1.111 in. Dis-
placement).

4.4. Specimen CL3

Specimen CD3vas tested to observe the performance and failure madesofforced
concrete diaphragm strengtheneith a CFRP retrofit scheme equivalent to specimen CD2
paired with intermediate anchoiidie specimen reached a peak loadx®ps before failing
due to FRP rupturentermediate crackhducedFRPdebondingand anchor pullodbllowed
by diagonal tension slar and reinforcing steel ruptusg. the peak load, the local shear angle
was measured as 0ZRL radians while thglobal shear angle waseasurecs 0.0826 radi-
ans.The hysteric plots of applied load versus local and global shear angle are provided as
Figure4.10(a) andFigure 4.10(b) respectivelyThe points labeled A through é¢n each of
these plots correspond to the photoBigure4.12(a) throughFigure4.12(f).
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Figure4.10. Hysteretic Shear Angle Response of SpecimeB: (&) Local Shear Angle; (b)
Global Shear Angle.

The strain measurements associated with FRP sheets S2 and S3 are prévgied in
4.11(a) andrigure4.11(b) respectively. Three strain gauges were installed on both FRP,; sheets
however, strain gauge S3S malfunctioned shortly after the specimen reached its peak capacity
Figure4.11(c) presents the location and label of each FRP sheet and strain Qeagies. in
the diaphragm were observed to transverse the FRP sheets near the locations@2jduge
S2S, SANandS3M. The FRP strains measured at these locations when peak load occurred
were 045%, 027%, 0.31%, and 0.35%respectively. At peak load, the FRP strains measured
with gauges S2N and S3S, which were not located near a crack) Wé&¥eand 0.@%, re-

spectively.
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Figure4.11. FRP Strain Response of Specimen CD3: (a) Strain Response oS3h@®t
Strain Response of Shesg; (c) Strain Gauge Layout.

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

document each crack and associated width at cycles 11, 16, and 21. The first obsédrvation o

crackingbetween FRP sheeatsas made during theopitive portionof cycle 11 corresponding

to a bad of 91 kipsFigure4.12(a) shows the condition of the specimen at this point of the

test Only one crack was visible with a measured width of 0.1 Diagonal ten®n cracks

with average widths of 0.3 mm to 0.75 neontinued to form causingRP sheets S1, S2, and

S3 to experience local edge debonding during tsitipe portionof cycle 15 corresponding

to a load of 144 kips. The specimen reached its peak capd@89 kips during thegsitive

portionof cycle 21 and its corresponding conditionseown inFigure4.12(b). At the peak

load, FRP sheefS2 and S3 centrally lea mi nat e d

approxi mately 75%

tive length. Both sheets remained engaged due to anchor action; however, sheet S4 ruptured

in the area between the North end anchor and adjacemh@dite anchor. Furthermore, dur-

ing thenegative portiorof cycle 21 (corresponding to a load-871 kips), the south end of
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sheet S4 experienced end peelifge state of the specimen at this point of testirgnavn

in Figure4.12(c). Cracks widths measured up to 2 mm after the rupture and delamination had
occurred Figure4.13 depicts the extent of cracking, delamination, and sheet rupture at cycle
21 which corresponds to an applied displacement of 1.1Th&exaggerated crack openings
allowed the reinforcing steel to elongate and rupture duringdbiiye portionof cycle 23
corresponding to a load of 192 kijpsgure4.12(d) shows the condition of the specimen during
this point of the testDuring this cycle, the south ends of she&&2sand S3 also experienced
end peeling. The end peeling continued to occur duringebative portiorof cycle 23 cor-
responding to a load e240 kips Figure4.12(e) shows the state of the specimen at this point
of testing Both North ends of sheets S1 and S2 experienced end p&&lorgto thepositive
portionof cycle 25(corresponding to a load of 82 kipghd peeling was restrained by the end
anchors; howeve sheets S2 and S8ere completelydelaminated once anchor pullout oc-
curred during cycle 25The delaminated conditiade shown inFigure4.12(f). During cycle
25,shee620s North end anchor and adjacent inter

South end anchor and adjacent intermediate end anchor pulled out.
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Figure4.12. Failure Progression of Specimen &a) First Diagonal Tension CracksSdt

kips; (b) FRP Rupture and Delaminatior2&® kips (c) South End Peeling of Sheet S4 at

271 kips; (d) South End Peeling of Sheets S2 and S®2tkips (e) North End Peeling of
Sheets S1 and2&t-240 kips (f) Anchor Pullout of Sheets S2 and S32atkips

54



Legend:
Delamination .

Rupture

Cracks

Figure4.13. Extent of Damage of Specimen CD3 at Cycle 21 (1.111 in. Displacement).

4.5. Specimen CDI

Specimen CD4vas tested to observe the performance and failure madesofforced
concrete diaphragm strengthened with GFRP covering 100% of the surface with end anchor-
age only.The specimen reached a peak load &8 Rips before failingdue to intermediate
crack induced~RPdebonding anchor rupture, and anchor pulldaliowed by diagonal ten-
sion shear and reinforcing steel ruptukethe peak load, the local shear angle was measured
as 0.0095radians while thglobal shear angle waseasureés 0.0@09radiansThe hysteric
plots of applied load versus local and globlakar angle are provided Bigure4.14(a) and
Figure4.14(b) respectivelyThe points labeled A through F on each of these plots correspond
to the photos ifrigure4.16(a) throughFigure4.16(f).
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Figure4.14. Hysteretic Shear Angle Response of Specimed:C&) Local Shear Angle; (b)

Global Shear Angle.

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

4.15a) andrigure4.15(b) respectively. Three strain gauges were installed on both FRP sheets.
Figure4.15(c) presents the location and label of each FRP sheet and strain Qeagies. in

the diaphragm were observed to transverse the FRP sheets near the locations &2)uges
S2S, S3N, S3M, and S3%he FRP strains measured at these locations when peatdoad
curred were @7%, 032%, 045%, 023%, and 0.47%respectively. At peak load, the FRP

strain measured with gaug@M§ whichwasnot located near a crackas0.08%.
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Figure4.15. FRP Strain Response of Specimen CD4: (a) Strain Response oS3h@®t
Strain Response of She®d; (c) Strain Gauge Layout.

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

document eacbrack and associated width at cycles 11, 16, and 21. It should be noted that the

craclks were mapped from the underside of this specimen due to the FRP covering the entire

top surface. The first observation of cracking was made during#igve portionof cycle 11

corresponding to a load of 83 kigsgure4.16(a) shows the condition of the specimen at this

point of testing Only one crack was visible with a measured width of 0.2 mdditional

diagonal tension cracks, with average widths of 0.3tmth5 mm, were documentétrough

cycle 16. The specimen reached its peak capacity during cyaterzésponding to a load of

263 kips with average crack widths ranging from @2 to 0.75 mmFigure4.17 showsthe

extent of cracking and delamination at cycle 21 which corresponds to an applied displacement

of 1.111 in.During the msitive portionof cycle 22 (corresponding to a load of 247 kipisé,

edge ofFRP sheeS4 delaminated along its entire length while the edge of sheet S2 centrally

delaminated approximately 25% of its lengtigure4.16(b) shows the state of the sp@&n
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at this point of the tesFurthermore, the south end of sheet S4 began to experience end peeling
during thenegative portiorof cycle 22 corresponding to a load-286 kips The condition of

the specimen at this point of the tessh®wn inFigure4.16(c). During the psitive portionof

cycle 23 (corresponding to a load of 260 kips), the south end anchor groups of sheets S4 and
S3 both failed as the sheets fully delaminated approximatétyab@ng their lengths he state

of the specimen at thoint of the test ishown inFigure4.16(d). One anchor in each group
ruptured while the other pulledoutdA i t i onal |y, sheet S26s edge
the south end anchor group causing partial anchor pubsushown inFigure4.16(e), the

negative portiorof cycle 23 (corresponding to a load-8#7 kips) caused the delamination of

sheets S4, S3, and S2 to propagate towards the north end anchor groups. Sheets S4 and S3 lost
full capacity while sheet S2 remained engaged due to anchor datagunal tensiontear

then began to dominate the failuféhe widest diagonal tension cracks exceeded 2 mm in
width which allowed the reinforcing steel to elongate and rupttihe final state of the spec-

imen, corresponding to a load of 1 kiis shown inFigure4.16(f).
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Figure4.16. Failure Progression of Specimen CD4: (a) First Crack at 83 kips; (b) Edge De-

lamination of Sheet S4 at 247 kips; (c) End Peeling of Sheet-83Gkips (d) Delamina-

tion and Anchor Failures of Sheet$, $3, and Sat 260 kips (e) Delamination Propagating
Northwardat-247 kips (f) Final Condition of Failed Specimext 1 kip
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Figure4.17. Extent of Damage of Specimen CD4 at Cycle 21 (1.111 in. Displacement).

4.6. Specimen C®

Specimen CD%vas tested to observe the performance and failure madesofforced
concrete diaphragm strengthened with GFRP covering approximately 30% of the sutiace wit
end anchorage onlffhe specimen reached a peak load4tfKkps before failingdue to inter-
mediate crack inducdeRPdebondingand anchor pullodbllowed by diagonal tension shear
and reinforcing steel rupturAt the peak load, the local shear anghlswneasured as 0287
radians while thglobal shear angle waseasureds 0.0@28 radians.The hysteric plots of
applied load versus local and global shear angle are providega® 4.18(a) andFigure
4.18(b) respectivelyThe points labeled A through F on each of these plots correspahe t
photos inFigure4.20(a) throughFigure4.20(f).
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Figure4.18. Hysteretic Shear Angle Response of Specimeb:@&) Local Shear Angle; (b)
Global Shear Angle.

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

4.19a) andrigure4.19(b) respectively. Three strain gauges were installed on both FRP sheets;

however, strain gauge S2M malfunctioned prior to the specimen reaching its peak capacity.
Figure4.19(c) presents the location and label of each FRP sheet and strain Qeagies. in
the diaphragm were observed to transverse the FRP sheets near the locations @2fauges

S3N, and S3MThe RRP strains measured at these locations when peak load occurred were

0.27%, 0.25%, and 0.36%gspectively. At peak load, the FRP steaimeasured with gauge

S2N and S33whichwerenot located near a crackeve0.14% and 0.03%, respectively.
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Figure4.19. FRP Strain Response of Specimen CD5: (a) Strain Response oS3h@st
Strain Response of She®d; (c) Strain Gauge Layout.

Cracks were marked and measured throughout the test, and maps were prepared to
document each crack and associated width at cycles 11, 16, and 21. The first observation of
cracking was made during tpesitive portionof cycle 11 corresponding to a load3#f kips
Figure4.20(a) shows the condition of the specimen at this point of tes@mdy two cracks
were visible with measured widths of 0.15 mm. Additional diagteresion cracks, with av-
erage widths of 0.1 mm to 0.5 mm, were documetitemlighcycle 16 The diagonal tension
cracks continued to form and cause central edge delamination of FRP sheet S2 during the
positive portionof cycle 19 corresponding to a loaid 7 kips Figure4.20(b) shows the state
of the specimen at this point of the tédte specimen reached its peak capacity during cycle
21, corresponding to a load 240 kips, with average crack widths ranging from 0.1 mm to
1.25 mm. At the peak load, sheet S3 experienced central edge delamination while sheet S4
underwent edge delamination near the North end anthercorresponding condition tfe
specimenat peakload is shown inFigure 4.20(c). Figure 4.21 demonstrateghe extent of
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cracking and delamination at cycle 21 which corresponds to an applied displacement of 1.111

in. During the psitive portionof cycle 23(corresponding to a load of 200 kips), sheets S2

and S3 centrally delaminated along approximately 75%lofe i r | engt hs, sheet
anchor pulled outandsheet S3 underwent end peeling at the North end antherspeci-

mends primary diagonal tension crack also wi
and ruptureFigure4.20(d) shows the condition of the specimen during this point of the test
Furthermore, during theegative portiorof cycle 23 (corresponding to a load-@fl0 kips)

the North end anchief sheet S3 partially pulled out andother diagonal tension crack wid-

ened Figure4.20(e) shows the state of the specimen at this point of tediiragonal tensin

shear then began to dominate the failure allowing more rebar to elongate and rupture. The final

state of the failed specimen, corresponding to a load of 44 kips, is shéwguia4.20(f).
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Edge Delamination

() (d)

(e) ()
Figure4.20. Failure Progression of Specimen CD5:Kayt Crack at 96 kips; (b) Central
Edge Delamination of Sheet S2 at 217 kips; (c) Delamination of Sheets S3 and S4 at 240
kips; (d) Crack Dilation at 200 kips; (e) Mirrored Craci#abon at-210 kips; (f) Final Con-
dition of Failed Specimen at 44 kips.
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