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Shear friction is used to transfer shear forces between two reinforced concrete members
or two members with dissimilar materiahear transfer across a plane representamplex
phenomenothatdepends on thateractiondbetween several variables, swadtoncrete surface
condition and cohesion, concrete strength,siadlreinforcement strength amdinforcement
ratio. Prior research has focused on surface condition as well as properties of the reinforcing
steel. However, thes#tatahave not providedonclusive results. Although it is clear that
roughening the interfagaf a coldjoint contributes to increase iise sheatransfer capacitythe
rougheing methodsurrently used in practice al@bor intensive. In addition, the ACI code
prohibitsthe wseof high strength steel reinforcement. To investigate these parameters
methodically, an experimental research program was undertaken. The test matrix included 24
coldjoint specimens. Of those, half hadn t r e a snedtid )otérface, whilenalf were

intentionally roughened using a surface retarDé#ferent types ofetardemwere investigated



separately to ensure minimum roughness ddjita.est serieslsoinvestigated thempact of
parameters such as steel reinforcement strength and reinfotaatn@nVore specifically, for
different specimens, varying amount of grade 60 and grade 80 steel reinfraoiveye used
across the colgbint interface.The experimental results indicdttne following: (1) roughening
theinterfaceincreases the shettansfercapacity of thgoint, (2) using the recommended
retarder is an economical and structurally reliable method to achieve a rougtierfade (3)

the reinforcement does not yield at the peak load and therefore, increasing the strength of the
reinforcement does not provide a corresponding increase in-shaafercapacity, and (4)
increasing the reinforcement ratio has a more significant impact on the ssuofatte

specimens. The results were compared thighshear frictiomlesign equationsurrently

reportedn the AClcodeandin the American Association of State Highway Transportation
Officials (AASHTO). The comparison indicatighatboth codes underestimate the shear friction
capacity of colgoint specimens with low reinforcement ratioaddhat AASHTO code
overestimates the shear friction capacity of roughenedjoitispecimens with high
reinforcement ratios. Incorporating this data into a previously compiled-Biatimn database, a
new shear friction equation was proposed. The eguation has a separate cohesion term that
separates the contributionkthe steelreinforcement and cohesion aindludeshas higher
strength upper limits for smoce8urface specimens and lower strength upper limits for

roughened specimens.
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residual d) end of test. The average stgange value at peak and at residual are included in the

(8] gTe] (0o |- o] K- F PP PPPPPPPPPPPP 140

Figure 4.81: Close up of the revealed reinforcement after test (UM/B@Rst side)........... 141

Figure 5.1: Peak shear lo#ttkoretical clamping stress plot. Specimens are separated into two
group: smooth and roughened. This plot does not include specimens that did not have roughened
counterparts (i.e. UW603 and UWBO0K2).......ccceeeeiiiiiiiiiiiiiiiieene ettt eeeenees 144

Figure 5.2: Drop in applied load from peak load to the residual load plotted for each specimens.
The averages drop in load are shown.c8pen UW60S2 and UW80S are greyed out to note

that these two specimens were not included in the average...........ccocoevieeevvvvvvvnnnenennnn. 148

Figure 5.3: Slip displcementheoretical clamping force plot. UW8@5 and UWB80R6 are

0]Te | 1 1Te | 1= PP P PP PPPPPP 149
Figure 5.4: Crack widttheoretical clamping stress plot with UW68SUW60R6, UW80S8,
and UWB80RS8 highlighted.............coiiiiiiii et 150
Figure 5.5: Peak shear lo#ttkoretical clamping stress plot of smooth specimens.......... 152

Figure 5.6: Peak shear lo#ttkoretical clamping stress plot of roughened specimens....153
Figure 5.7: Peakhear loageinforcenent ratio plot of the smooth specimens. 60 ksi specimens
and 80 ksi specimens are marked differently..............cccooriieeeei e 154

Figure 5.8:Peakshear loadeinforcement ratio plot of the roughened specimens. The 60 ksi

specimens and 80 ksi specimens are marked differently............ccoooovvveer e, 155
Figure 5.9: Peak shear lo#ttkoretical clamping stress plot include all specimens.......... 157
Figure 5.10: Close up of the revealeohfercement after test (UW80& West side)............. 159
Figure 6.1: Charting the measu+edpredicted strength ratio of ACI and AASHTO modeish
UW SPECIMEINS ...ttt e e s ettt bbbt e e e e enens st s e e e e e e e e e e eeeas 164

Figure 6.2: Peakhear strestheoretical clamping stress plot with UW specimens and ACI and
AASHTO upper stres limits (Smooth specimens Only)............oeeeeieiiiiieemrieiiieee e, 165
Figure 6.3:Peakshear strestheoretical clamping stress plot with UW specimens and ACI and
AASHTO upper stress limits (roughened specimens Qnly)..........cccccuvvvvimemnnnniinvnnnnnne. 166
Figure 6.4: Peak shear strehsoretical clamping stress plot for all smooth specimens...168

Figure 6.5: Peak shear strébsoreaical clamping stress plot for all roughened specimen&69


file:///C:/Users/sahn1/Documents/Masters%20Thesis/Ahn_Stephan_Masters_Thesis.docx%23_Toc45106164
file:///C:/Users/sahn1/Documents/Masters%20Thesis/Ahn_Stephan_Masters_Thesis.docx%23_Toc45106164
file:///C:/Users/sahn1/Documents/Masters%20Thesis/Ahn_Stephan_Masters_Thesis.docx%23_Toc45106164

15

Figure 6.6: The average measutesgredicted strength ratio of the modiedm ACI31811 (UW
RS 0L 41T S0 1] 1A SRS 171
Figure 6.7:The average measurgatpredicted strength ratio of the model from Davaadorj [9]
(UW SPECIMENS ONIY) ...ttt sttt e e e e e e seen s s e e e e e e e e e e e e e e e eestnnneeeeeeeeeeees 174

Figure 6.8: Chart showing ¢haverage measur¢d-predicted strength ratio using the proposed



16

List of Tables

Table 21: Table 22.9.4.2 from ACI 3189 [3] recreated. The value éfis dependent on the

concrete type/ = 1.0 for normalweight concrete, and = 0.75 for lightweight concrete......28
Table 22: Table 22.9.4.4 from ACI 3189 recreated........ccccccveieeeiiiiiiccceeeeeeeee e 29
Table 23: AASHTO Prescribed values for cohesion factor, coefficient of friction and limit states
......................................................................................................................................... 30
Table 24: Test Matrix from Bass, Carrasquillo, and Jirsa [7], including the ultimate shear load
......................................................................................................................................... 35
Table 25: Test matrix from Kono et al. [15] including the ultimate shear load of each specimens
......................................................................................................................................... 37
Table 26: Test Matrix from Kahn and Mitchell [14], including the ultimate shear load.....38
Table 27 Test matrix from Shaw and Sneed [22], including the ultimate shear.load......41
Table 28 Test Matrix from Harries at al. [12], including the ultimate shear load.............. 42
Table 29 Test Matrix from Barbosa [6], including the ultimate shear load....................... 44
TaDIE 31 TESE MALIIX .etteeiiiiiiiiieeie et rr e st e e e e nnssss bbb enee e 48
Table 32: Concrete compression strengths over time...............oovvvviieeeeeeeeeecee 54
Table 33: Steel reinforcement material Properties..........ccceeveiiei i ceeciiiiiiceee e eeeeeeeeeeea, 54
Table 41: SUMMATY TabIE.. ... rmmme e e 63

Table 51: Comparison of the peak shear load between smooth and roughened specirhéss.
Table 52: Tables exploring the additive qualities of cohesion and roughness. Letters indicating

the surface condition of the spmen in the specimen labels (S and R) are disregarded in this table.

Table 53: Comparing the difference in applied loadatk and at residual between specimens.

Specimen UW602 and UWB0£ are bolded to note that these two specimens were not included

LI LCT= YT = Vo L= PRSPPI 147
Table 54 Average Strain and A at Peak...........ooooiiiiiiiiiiccn e 156
Table 55 Average residual load with respect to the reinforcemet rati......................... 158
Table 61: Table 22.9.4.4 from ACI 3184 recreated..............oooviiiiiiiiiccceiieeeeeeiiiin 161



17

A

Table63: Tabl e comparing test results with ACI &s
indicate the upper stress limits. Underline numbers highlight tioes taat fall below 1.0....163

Table 64: Comparison of average measutegredicted strength ratio of UW specimens.
Coefficients of variance are also tabulated..................iiiicciiiii e, 167

Table 65: Comparing ACI and AASHTO to the database, with and without UW specinié&gs

Table 66: Average measuretd-predicted strength ratio of the model from ACIZIB......... 170

Table 67: Prescribed values for cohesion factor, coefficient of friction and limit states for Eq. 6.4

Table 68: Average measuretd-predicted strength ratio of the model from Davaadorj.[9173

Table 69: Prescribed values for cohesion factor, coefficient of friction and limit states for Eq. 6.5

Table 610 Table showing the measuredpredicted strength ratio of the current ACI model and
the PropoSed MOUEL..........uueiiii et e et eeeearanaaas 176

Table 71: Prescribed values for cohesion factor, coefficient of friction and limit states for Eq. 6.5



Notation List

Avc = Area of concrete of the interface

Avt = Area of reinforcement crossiginterface

¢ = Cohesion factor

CJ = Cold joint

CV = Coefficient of variation

fy = Yield strength of steel

f .& Concrete compressive strength

Havg = ROOt mean square height

Hrms = Average height

K1 = Varies depending on the equation

K> = Varies depending on the equation

Ks = Varies depending on the equation

Ks= Varies depending on the equation

LED = Light-emitting diode

P.= Externally applied force

PTFE= Polytetefluoroethylene

R = Notation for roughened interface

R« = Core roughness depth

S= Notation for untreated (dismootid) interface
UW = University of Washington

V = Shear load

Vh = Nominal sheaload

Vpeak= Peak shear load

Vpeaks = Peakshear load of smooth specimen
Vpeakr = Peakshear load of roughened specimen
Vresiduai= Residual shear load

DVsyri = Difference in peak shear load due to different interface conditions
DVresiquai = Difference between the peak shear load and the résidear load

Wpeak= Interface opening (i.e. interfaceackwidth) at peak shear load
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Dyeak= Slip displacement gieakshearoad

/ = Concrete type factor

m= Coefficient of friction

r = Reinforcement ratiot/Ac)

s = Standard deviation

g= Angle of travel between two interfaces

t = Shear stress

taci = Predicted shear stress based on American Concrete Institute shear friction provisions

tansnito= Predicted shear stress based on American Association of State Highway Transportation
Officials shear friction provisions

Imeasured= Measured shear stress

tpredicted= Predicted shear stress

tpeak= Peak shear stress
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Chapter 1: Introducti on

1.1 Research Impetus

Shear often needs to be transferred across an interface joinidgst@atinuous membessich as
joints between precast and cas{place concrete part§.e. cold joint) connections between
vertical and horizontal elemenfse. dab-to-shear wallsconnectionsand connections between
precast and cast-place concretelements and structural steel or other structural components.
Figurel.1 below shows somstructural elementequiring interface shear strength.

Deck slab

H-—H~ -1

= i

= Sp\ice/ Dapped end/

\Corbel Connection WE
o

Cast in place addition

£
§§\ Bearing a/é}::
J—/_l

e |
Potential cracks /

Column base
ﬂgg===£

Figure 1.1: Examples d interface shear transferin a structure [21]

Hanson[11] first tesed specimensonstructed to simulate common intedamonditions.Since

then, there areight main variables that have beeentified and investigatad past experimental
studies: interface type, concrete strength and weight, shear interface area, aggregate size,
reinforcement ratio, reinforcement yield strength trabreticakclamping stres¢iow somethese

variables affect the interface shear stthngstill uncertain even after 60 years of reseaktany
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design equations were creategbredict the interface shear strengtid buildings codes hagece
adoptedsometheseequationsHowever with new experimental resulisdabetter understanding
of how individual variables affect the interface shear stretigtisemodelsneed to beeevaluated
and updated

Aside from improving the current existing models, there are interests in imprbeiwghe
interfaces are being designed and constructadbt, it is commonly recognized that roughening
the interface increases the sh#ansfer capacityat a cold joint However, the current methods
used to roughen the interface is very labor intensive. For that reason, many contractors and
practicing engines have gained interest in using surface retardensch is a chemical that
exposes aggregate by reacting with the ceniev@n thouglsurface retardermre commonly used
for architectural finishing, their structural applications are lesser kn®@&nond,because of
different design limits and requirements, jginand connectionsare often affected by
reinforcement congestio®ne of many ways to reduce reinforcement congestiasirgy high
strength steel reinforcement. Currently, due to lack of testhmg,use of high strength steel
reinforcement is prohibited in building codés experimental program focused on these design

variables is proposed and forms the basis of this experimental program.



22

1.2 ResearchObjectivesand Approach
The overallresearch objective was to stuldgth untested and lightly testgghrameteren cold
joint specimensto extend or modify existing design equations for interface shear strength.
Utilizing prior research and design equations, presented in Chapter 2, sesgmahdriables were
identified for further study including: 1) new techniques for achieving surface roughness, 2)
investigating theoretical clamping stress values larger than those previously tested to determine if
a limit based on the concrete strengtheiquired and 3) investigate the use of yatgength (greater
than specified60 ksi) reinforcement, which is currently prohibited by ACI. The research was
divided into three primary tasks:
1 Task 1: Perform an initial study on surface retarderiearn hav to properly apply the
retarders and to identify which type of retarder to use.
1 Task 2: Conduct a series of laboratory experiments onjomitispecimens with eadlst
series focusing on the effects of the interface roughness, high strengtkisfeetement,
and reinforcement ratio. The specimens and the test setup are analogous to the specimens
and the test setup utilized by researchers in the past.
1 Task 3: Analyze the experimental results and design a shear friction model using the

experimenal results supplemented witesultsfrom similar studies.
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1.3 Overview of Report

The report is organized as follows:

T

Chapter 2 summarizes code equations and previous experimental research including the
shear friction theoryCurrent shear friction provisies in American codes and summaries

of past studies relevant to the experimental program are discussed in detail.

Chapter 3 describes the experimental program including the test matrix, specimen design,
test setup, and instrumentation.

Chapter 4 discussdbe test results for each test series, including the measured force
response, interface slip, interface opening, and damage progression.

Chapter 5 provides an analysis of the data. The data were evaluated to determine the
contribution of cohesion and tiheinforcement crossing the interface.

Chapter 6 compares the test results to current American codified interface shear strength
eqguations and limits. The test data were combined with prior test to evaluate the results and
develop a shear friction equatidimat accounts for cohesion and reinforcement strength
with new stress limits.

Chapter 7 summarizes the work and provides conclusions for the research.

Recommendations for future work are also provided.
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Chapter 2: Current Shear Friction Provisionsand Literature Review

Interface shear transfer in reinforced concrete is a topic that has been of great interest to the
engineering community for several decades. The current volume of literature precludes a
comprehensive review of this body of work. Thus, for the sakeenfity, this chapter focuses on
aspects of past research projects that are most relevant to the experimental program conducted in
this work and described in Chapters 3 and 4. This chapter is organized into tegcsahs that

provide a brief overviewfaaspects pertaining tb) shear friction theory and code provisions and

2) results ofrelevantpast experimental programs.

2.1 Shear Friction Theory and Code Provisions

The behavior of concret®-concrete interfaces subjected to shear stressesmally predicted

using the shear friction theory. This theory, briefly discussed below, was initially postulated by
Birkeland and BirkelangB] and revisited byeveral authors (e.g. Hofbeek al.[13], Kahn and
Mitchell [14]) over theyears.

The shear friction theory was adopted and implemented in most design codes to deal with problems
related to the design efructuralkelementghat transfer shear across an interf&setion 2.1.2 and
Section 2.1.3provide a detailed overview dhe shear friction provision contained in two
prominent American code provisions: the American Concrete Institute (ACI) code and American
Association of State Highway Transportation Officials (AASHTO) design specifications.

2.1.1Shear Friction Theory

The shear friction theory was first introduced by Birkeland and Birke[8hdo model the
transferring of shear loads across a cone@tmncrete interface crosség perpendicular steel
reinforcement. According to this theory, the strength of an interface subjected to direct shear comes
from the contribution of several resisting mechanisms, namely the cohesion between particles, the
friction between concrete padsd the shear reinforcement crossing the interface. As the applied
shear reaches a certain magnitude, the aggregateslargak from the cement matrix, causiag

crack to form along the interface plane. As the shear load is further increased, relative horizontal

movementbetween two surfacgse. crack slip) is induced. Because of the interiasgerities
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the crack slip is accompanied by some extent of intexdpeaing (i.e. crack width). The crack
opening is resisted by the steel reinforcing bars crossing the interface that induce a compressive
force, referred to as clamping force, acting normal to the interface. This clamping force in
combination with thenteraction of the surface features (i.e. coefficienfr@ftion) provides the

force that resists the applied loads and provides restraint against slip movemeiodyree
diagrams that schematically outline this phenomenon, are shdvigure2.1:

nfr l;\ A

—V = A ftand

;"“—W o]

T b

Af tang

Figure 2.1: Simplified shear friction mechanism originally drawn by Birkeland and Birkeland [8] (taken from
Harries et al.[12])

The shear friction theory has been well received and broaddpted by the engineering
community Countless numerical and experimental studies have been carried out in t6@ past
years (e.gKahn and Mitchel[14] and Shaw ad Sneed22]). Consequently, numerous variants

to the original shear friction equations have been proposed over the years. However, current ACI
and AASHTO provisiors (discussd in the next sulsection) mainly stem from the
recommendations of Hofbeck et HI3].

Hofbeck et al. were the first to separate and identify some &kthparameters that directly affect
the sheatransfer capacityl) preexisting crackgmonolithically casted only)2) yield strength,
size, and arrangements of reinforcement; 3) concrete strength; 4) dowel attotist of
conclusions dawn from thér experimental prograsis given below:
1 The $eartransfer capacity is mostly dependent on aggregate interlockhaodetical
clamping forceAsfy. Asis the area of reinforcement crossing the interfacdyaadhe yield
stress of the reinforcement. The reinforcement was assumed to yield at the ultimate shear

load
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1 The oncrete strength acts as an upper limithe expected clamping stressy. The
variabler is the reinforcement ratithat is thearea of reinforcement crossing the interface
divided by the area of the concrete interface.

1 The yield strength of thesteel reinforcement crossing the interfdx@s an effect in the
sheartransfer capacity It appears thahigher strength reinforcement reash&rain
hardening earlierdrause higér strength reinforcement hahorter yield plateaus

1 Dowel action hano effect on the uncracked specimens but had significant effect on the
precracked specimerirhis suggestshat initial precraking causesreinforcements to
engage more in shear.

1 Bar size and spacingahot affect thanterface shear strength.

The authors proposed the shear friction equation shown lisleed on their conclusians
Vh = Adytan g Eq.2.1
Where,
Vh = Nominalshearstrength
As = Area ofthereinforcement crossing the interface
fy = Yield stress of the reinforcement
g = Anglethat represents the relationship betweenctiaek slip and crack widthrhe

angle is shown ifrigure2.1.

The reinforcement crossing the interfagasassumed to provide a normal force to the interface
eqgual tothe yield force Based ortheir experimental results, as well as on the results of similar
tests conducted by other researchers, itagasluded that settingng = 1.4 was conservative for
values ofrfy less than 0.1f5.@r 600 psi. Fopre-cracked specimensr specimens with higher

values ofrfy, settingtang= 1.0 provided goodtrengthestimates
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The shear friction equation proposed by Hofbeck et. al was able to captsinedifection theory
in a simplified way A lot of work was done to validate the shear friction equadiuth to better
define the stress limits and calibrate the coefficient of friction for different joint types. Details of
the upper limits and values of the coefficient of friction term areudsed in the following sub

sections.

2.1.2ACI Shear Friction Provision
ACI first codified the shear frictiontheoryin 1970,adopting the design equations proposed by

Hofbeck et al[13], butreplacingthetangtermwith a coefficient of friction/n

The equation below is the current ACI shear friction equdé@ 318-19[3] eq. 22.9.4.2:
V= mAFy Eq.2.2
Where,
Vh = Nominal shear load
m= Coefficient of friction
Avt = Area ofsteelreinforcement crossing the interface

Fy = Yield strength of thesteelreinforcement

The coefficient of friction depends on the joint tgpaefined asmonolithically-cast joint

roughened coldjoint, or smoothcold joint. Roughened interface islefined asii nt ent i onal
roughened to full amplitude of approximatelge quarter inch dable2-1 defines values of the
coefficient of friction.It should be noted #t cold joints with untreated interfaces were not allowed

until Mattock in 1977[19] proposed using 0.6 for the value mifor cold joints with smooth

interfaces.
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Table 2-1: Table 22.9.4.2 from ACI 31819 [3] recreated. The value of is dependent on the concrete typd. = 1.0 for
normal-weight concrete, and/ = 0.75 for lightweight concrete.

Coefficient
Contact Surface Condition of Friction
Concrete placed monolithically 1.4
Concrete placed against hardened
concrete that is clean, free of laitance 10

and intetionally roughened to a full
amplitude of approximately 1/4 in.

Concrete placed against hardened
concrete that is clean, free of laitancg 0.6/
and not intetionally roughened

Other experimental programs tested similar po§lspecimens ansgalidated the use this shear
friction equation Eq. 2.2). Other researchers tested different key parameters to help to create
various limit states used in current shear friction provisions. Mattock and HaKimsised the

rfy limit from the lesser of 0.15@nd 600 psi to the lesser of Ds&And 800 psi. Kahn and Mitchell

[14] raised the upper limit of monolithicalyast joint or coldoints with roughened interfaces to
from 800 psi to 1,600 psi. Other critical papers that influenced the current shear friction provisions

and the papers related to this experimentag@am are discussed more in detail in a later section.

The code also contains a series of umiersslimits, typically determined as a function of the
concrete strength and interface afid@e factors are largely empiricahdbased ontheworks from
Hofbecket al[13], Mattock and Hawkii17], and Kahn and Mitchk]14]. It should be noted that
thespecifiedreinforcement yield stessis limited to 60 ksi. Bbulated form othe limit states from

ACI is shown belown Table2-2:
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Table 2-2: Table 22.9.4.4 from ACI 31819 recreated

Condition Maximum V,
0.20f'Ac @)

Normal weight concrete placed
monolithically or placed against Least of ‘
hardened concrete intentionally (@), (b),| (480 +0.08k)A | (b)

roughened to a full amplitude of and (c)
approximately 1/4 in. 1600A (c)
Lesser of 0.20fAc (d)

Other cases (d) and
(e) 800A (e)

In 1983, ACI provided an alternative shear friction equation that included a separate cohesion term
and a coefficient of friction factor of Ogpplicable to all interface typ€aCl 318-11[2] R11.6.3)

Vh = 0.8AAfy + AcK1 Eq.2.3
Where,
Ac = Thearea of concrete interface
K1 =The ohesion factor, which was fixed at 400 psi for normal weight concretes
Othervariablesare defined previously iBq. 2.2
This alternative form of equation is no longer included in the ACI sfredion provisiors
(dropped iPACI 318-14). Other building codege.g. AASHTO)still include the cohesion term but

cortain differentrequirements ansirengthlimits.

2.1.3AASHTOShear Friction Provisions

The AASHTO [1] shear friction equatio(shown inEq. 2.4) has a separate cohesion/aggregate
interlock term. AASHTO also accounts fan appliedload The strength upper limits also exist
that are sligtly different with respect to those included in the ACI cobtiable 2-3 shows the
prescribed valuegf friction coefficient,cohesionand uppestresdimits that AASHTO provides

for each interface type
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Vhi = CAcv + WAvffy + Pc)
Vi OK1f cBey Eqg.24
Vni OKZACV

Where,
¢ = Cohesion factor
Acv = Area of concrete interface
Pc. = Applied force
K1 = Fraction of concrete strength available to resist interface shear
K> = Limiting interface shear resistance

Other variables are defined previouslygq. 2.2

Table 2-3: AASHTO Prescribed values for cohesion factor, coefficient of friction and limit states

Interface Type c (ksi) m K1 K> (ksi)
Monolithic 0.4 14 0.25 15
Coldjoint (Rough) 0.24 1.0 0.25 15
Coldjoint (Smooth) 0.075 0.6 0.2 0.8

Additionally, AASHTO includes a reinforcement ratio limit that is intended to prevent brittle
failures:
Avt O0.05Af, Eq.2.5
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2.2 Overview of Relevant Experimental Programs

As discussed earlier, interface shear transfer problems have been of interest to the engineering
community for several decades, with the first research papers on the topic dating back to the 1960s
(Hansom11]). A thorough review of the available literature was recently conducted by Davaador;j
[9], who assembled a comprehensive database collecting the resbili8 miishoff tests, with
concreteto-concrete interfaces subject to monotonic pure shear loads, and steel reinforcement

normal to the interface.

The review of the literature revealed thatréhare eight main variables that have been investigated

in past experimental studies: interface type, concrete strength and weight, shear interface area,
aggregate size, reinforcement ratio, reinforcement yield strength and clamping stress. The extent
to which these variables have been studied experimentally is summarigeglie 2.2, which
provides the distributions and cumulative curves of the number of tests as a function of all key

variables.

The multiparametric distribution depicted gure2.2 outlines that a substantial number of tests
have been conducted in all of the four major surface types. Monall{hmastspecimens make

up mosttests available (approximately 60% of théal), with the most conducted on preacked
(MO-P) specimens. Colpint specimens represent approximately 40% of the total collected, and
of them the majority were intentionally roughened cold jointsREJOf these, less than half were
normal weigh{NW) concrete GR (87 specimens in total) and oryl were untreated (or smooth)
cold-joint specimens (G$). Further to this, only eight €3 had steel reinforcement crossing the

interface.

The tested reinforcement ratios ranged from 0% to 3%, witkt ofahe tests falling in the-2%

range. This, combined with the reinforcement strengths considered, resulted in clamping stresses
rarely exceeding 1,600 psi. The few tests that exceed this threshold exist pertanPtmid@aces.

With specific referace to CJs, there were only four specimens characterized by clamping stress
(rfy) values exceeding 1,000 psi. In approximately 90% of the tests, the reinforcement yield stress
was lower than 80 ksi. More specifically, or@g specimens presented reinforeamyield stress

over 80 ksi, and the results were somewhat inconsistent.
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Figure 2.2: Figure 2 from Davaadorj et al. [10]. Frequency distribution of tests as a function of main parameters.
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It is evident that, despite their importance in practical applications, jooits have received
somewhat limited experiemtal attention, and that major knowledge gaps exist, particularly
pertaining to variables such as interface roughening and steel reinforcement strength. The
following of this section is dedicated to a more thorough review of past research that focused on

these variables.

2.2.1Bass Carrasquillo, and Jirsg1989)

Bassat al.[7] focused on colgoint specimensThe authorgonstructedspecimens based on a
retrofitting mehod where holes are drilled intm interface of interest and reinforcing bane
embedded beforeasting the second concrete blodlhe experimental progranmvolved 33
specimensand the variables of interest were the reinforcement ratio, the embedment lengths of

reinforcing barsconcrete strength, and surfamndition

The different surfaces were achieved using various techniquastréated surfa¢®) sandblasted
surface 3) surface chipped with a pickax4) 1-inch depth shear keys, aij surface with epoxy
bonding agents heinterface reinforcementagembedded after casting the bdweck Theholes
were drilledthensteel dowels were placed inside the hole with epdkg specimens and the test
set up is shown ifrigure 2.3 andin Figure 2.4. The test matrix and the results are provided in
Table2-4.
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Figure 2.4: Fig. 7 from Basset al. [7]. Test frame.



Table 2-4: Test Matrix from Bass, Carrasquillo, and Jirsa[7], including the ultimate shear load.
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Specimen f'c(ksi) fy(ksi) rfypsi) Surface Preparation Embedment length (in) V. (kip)
1A 3.1 60 589 Sandblasted 6 145
2A 3.1 60 589 Sandblasted 6 153
3A 3.1 60 589 Sandblasted 6 152
4A 3.1 60 589 Sandblasted 6 165
5A 3.1 60 589 Sandblasted 6 150
6A 3.1 60 589 Sandblasted 6 165
TA 3.1 60 393 Sandblasted 6 132
8A 3.1 60 1178 Sandblasted 6 210
9A 3.1 60 589 Sandblasted 12 190
10A 3.1 60 589 Sandblasted 3 130
11A 2.7 60 589 Sandblasted 6 104
12A 2.75 60 589 Chipped 6 118
13A 2.75 60 589 Shear Keyed 6 128
14A 2.75 60 589 Untreated 6 90
15A 2.75 60 589 Sandblasted 6 88
16A 2.75 60 589 Epoxy 6 105
17A 2.7 60 589 Sandblasted 6 125
18A 2.75 60 589 Chipped 6 118
19A 2.75 60 589 Shear Keyed 6 127
20A 2.87 60 589 Sandblasted 6 134
21A 4.15 60 589 Chipped 6 115
22A 4.3 60 589 Shear Keyed 6 148
23A 4.3 60 589 Sandblasted 3 135
24A 4.3 60 589 Sandblasted 6 160
1B 3.21 60 982 Sandblasted 6 102
2B 3.21 60 589 Sandblasted 6 150
3B 3.21 60 589 Sandblasted 6 162
4B 3.21 60 393 Sandblasted 12 137
5B 3.21 60 589 Sandblasted 6 166
6B 3.21 60 589 Sandblasted 12 172
17B 2.87 60 589 Sandblasted 12 151
20B 2.7 60 589 Chipped 6 75
21B 4.3 60 589 Sandblasted 12 132



36

Thereallts of the experimental programs showed thatstiesastransfer capacity increased with
increasing depth of embedment, especially at largeraaning that bondirectly influencedthe
capacity The confinement afoncrete around the interface was had an impact on thetsiesfer
capacityas well This suggestedhat dowel action and bonglereimportant parametens cold

joints.

Sandblasted surfaces showed good results compared to conventional surface treatment methods,
while it was found thatreating the interface with an epoxy bonding agent was not effective.
Different method of treating the surface had little to no effeceafd.2inch of slip displacement

meaning thathe steekeinforcement was providing majority of the sh&ansfer capacity after

peakload

The authors concluded that reinforcement ratio had direct impact on thdrsinséer capacityit
was also vefied that theshear friction provisionf ACI providedconservativestrength estimates,
with an average measut@design shear strength ratio of 1.77 wilV of 18.6%. The ACI
developmentengthrequirement was conservative for shear friction applicatsnwell

2.2.2Kong Tanaka and Watanabé2000)

Kono et al.[15] investigatedthe contributionsof dowel action and cohesion in tieentext of
interface shear applications They tested 23 specimens with varying concrete strength,
reinforcement yield strength, bar diameter, and differatérface rougheningmethodsthat
involvedtrowels, wire brushes, nails, and steel triangular mdlds.first seriesof specimeng15
specimensvith a lale | ) fvibkdlesigned tmvestigatereinforcementield stressand concrete
strength.The yield stress of the reinforcement ranged from 47 ksi to 145 ksi, and concrete
compressive strength ranged from 4.4 ksi to 11.6lk$.of the 15 specimensa steelplatewas
placed between the two concrete members to rert@eoncretecontributionto isolate dowel

action. The test matrix with the experimental resusuisimarized imable2-5:



37

Table 2-5: Test matrix from Kono et al.[15] including the ultimate shear load of each specimens.

Specimen f' ¢ (ksi) fy (ksi) Surface Preparation V., (kip)
L10-30C 4.4 47.0 Troweled 53.6
L10-30D 4.4 47.0 Plate N/A
L10-50C 7.3 47.0 Troweled 60.2
L10-50C 7.3 47.0 Plate N/A
L10 _80C 11.6 47.0 Troweled 46.0
L10 _80C 11.6 47.0 Plate N/A
H10-30C 4.4 144.9 Troweled 61.7
H10-30C 4.4 144.9 Plate N/A
H10-50C 7.3 144.9 Troweled 53.1
H10-50C 7.3 144.9 Plate N/A
H10-80C 11.6 144.9 Troweled 92.8
H10-80C 11.6 144.9 Plate N/A
H16-30C 4.4 125.7 Troweled 80.8
H16-50C 7.3 125.7 Troweled 104.9
H16-80C 11.6 125.7 Troweled 117.4
H50PC 7.3 144.9 Troweled 27.0
H50SC 7.3 144.9 Scratched 51.4
H50RC 7.3 144.9 Rough 131.5
H50TC 7.3 144.9 Triangle 125.4
H100PC 14.5 144.9 Troweled 76.8
H100SC 14.5 144.9 Scratched 127.9
H100RC 14.5 144.9 Rough 150.4
H100TC 14.5 144.9 Triangle 126.3

The experimental results showed thagamens with higherfy valueshad higher shedransfer
capaciy, andthatdowel action made a more significant contributedrargerslip displacement.
The study showed that up 2amm .079inch) of slip displacement, the specimens performed as
well as any monolithally-cas specimensThe researcheedsoconcludedhat theinterface ould
endure large slip withowtignificantdegradation in strength becauselofvel action.

Thesurface roughnesgas quantifiedusingthe variablesroot mean square heigli;ns, average
height,Havgand core roughness depit, Differentsurface treatment methods resulted in different
roughness measuremen@re roughness depth ranged from6 mm (.0063inch) to 6.5 mm
(0.26 inch) but somewhat surprisinglyhe results showed that core roughness deptlslamak
transfercapacitydid notcorrelae. It was thusoncludel thatthe surfacéreatmentioesnot impact

the sheatransfer capacity.
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Another notable finding was thttereinforcingbars did not yield ahe peakload Based on this
outcome Konoet al.proposé the use ofrfs instead ofrfy to predict the shedransfer capacity.
Regression analysis was used to firgldableapproximation oftress of the reinforcing bars at
peak loadfs.

fs= 2/3 Eq.2.6

A modified shear friction equatidhat includes modification factork, to accounfor theconcrete

strengthand an uppedimit on the clamping stressfy, of 7.6 MPa:

tu=k (0.67rfy + 2.84) (MPa);
Where k=0 . 0.2 0.2fdr f .& 40 MPa, andk = 1.0 otherwise

Eqg.2.7

2.2.3Kahn and Mitchell (2002)

Kahn and Mitchel[14] tested50 specimens with varying concrete strength, reinforcement ratio,
andjoint type Therecorded peak shear loads, tmcrete strength and clamping streakies
consideredare reportedin the test matrix shown ifable 2-6. The surface of the odjoint

specimens was not intentionally roughened tbaetresearchergportedquarter incramplitude

Table 2-6: Test Matrix from Kahn and Mitchell [14], including the ultimate shear load.

Specimen f'c (psi) fy (ksi) rfy(psi) Joint Type V, (kip)
SF4-1-U 6805 60 255 Uncracked Monolithic 35
SF4-1-C 6805 60 255 Precracked Monolithic 58
SF4-2-U 6805 60 510 Uncracked Monolithic 56
SF4-2-C 6805 60 510 Precracked Monolithic 80
SF4-3-U 6805 60 765 Uncracked Monolithic 71
SF4-3-C 6805 60 765 Pre-crackedVionolithic 86
SK7-1-U 11734 60 304 Uncracked Monolithic 42
SFK7-1-C 11734 60 304 Pre-cracked Monolithic 54
SFK7-1-CJ 11734 60 304 Cold joint 88
Sk7-2-U 12410 60 609 Uncracked Monolithic 52
SK7-2-C 12410 60 609 Precracked Monolithic 82
SK7-2-CJ 11734 60 609 Cold joint 118

SK7-3-U 13103 60 913 Uncracked Monolithic 72
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SF7-3-C 13103 60 913 Precracked Monolithic 110
SF7-3-CJ 12471 60 913 Cold joint 138
SK7-4-U 12471 60 1217 Uncracked Monolithic 63
Sk7-4-C 12471 60 1217 Precracked Monolithic 133
SF7-4-CJ 12471 60 1217 Cold joint 149
SF10-1-U-a 12053 60 304 Uncracked Monolithic 26
SF10-1-U-b 14326 60 304 Uncracked Monolithic 30
SF10-1-C-a 12053 60 304 Precracked Monolithic 32
SF10-1-C-b 14326 60 304 Precracked Monolithic 100
SF10-1-CJ 14326 60 304 Cold joint 92
SF10-2-U-a 14676 60 609 Uncracked Monolithic 51
SF10-2-U-b 14804 60 609 Uncracked Monolithic 48
SF10-2-C-a 14676 60 609 Precracked Monolithic 49
SF10-2-C-b 14804 60 609 Precracked Monolithic 131
SF10-2-CJ 12053 60 609 Cold joint 124
SF10-3-U-a 16170 60 913 Uncracked Monolithic 65
SF10-3-U-b 13934 60 913 Uncracked Monolithic 63
SF10-3-C-a 16170 60 913 Precracked Monolithic 114
SF10-3-C-b 13934 60 913 Precracked Monolithic 145
SF10-3-CJ 12953 60 913 Cold joint 148
SF104-U-a 15468 60 1217 Uncracked Monolithic 74
SF10-4-U-b 16476 60 1217 Uncracked Monolithic 76
SF104-C-a 15468 60 1217 Precracked Monolithic 126
SF104-C-b 16476 60 1217 Precracked Monolithic 156
SF104-CJ 12953 60 1217 Cold joint 160
SF14-1-U 17957 60 304 Uncracked Monolithic 25
SF14-1-C 16015 60 304 Precracked Monolithic 91
SF14-1-CJ 14756 60 304 Cold joint 95
SF14-2-U 17362 60 609 UncrackedVionolithic 40
SF14-2-C 15496 60 609 Precracked Monolithic 99
SF14-2-CJ 14756 60 609 Cold joint 108
SF14-3-U 16255 60 913 Uncracked Monolithic 56
SF14-3-C 15392 60 913 Precracked Monolithic 135
SF14-3-CJ 15218 60 913 Cold joint 146
SF14-4-U 16059 60 1217 Uncracked Monolithic 73
SFK14-4-C 15982 60 1217 Pre-cracked Monolithic 153
SF14-4-CJ 15218 60 1217 Cold joint 156
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The ultimate loadeported inTable 2-6 was definedas the maximum loadecorded for slip
displacement values ranging between 0@£R&dnch, and the residual shear capadgiypt reported
here)wasdefined ashe load recorded atDinch of slip displacementThestudy revealed that, of
the different approaches considered, the shear friction equation proposRikéyand and
Birkeland[8] bestpredicted the response of cgtint specimens. The Birkeland and Birkeland

equation is provideth Eq. 2.8 below.

Vu= 0 ..0B4f00 . 2f 6 Eq.2.8

It was also found that the shear friction provision of ACIl e@sservative for all jointypestested
particularly for cold-joint specimensndependently of concrete strengifhe residual load was
similar between all three different types of specimdiss was attributed to the fact that the
residual strength is provided solely by the steel reinforcement crossing the interdacg dowel

action.

2.2.4Shawand Snee2014)

Shaw and Sned@2] teded 36 cold-joint specimenso studyhow the interface strength is affected

by thecompressive strength of concrete dhdinterface surface roughneseheinterfacewas
roughenedby fAscoring the s uceinahe direatidn perpbnelicularhcethaer i nt
di recti on The fecotdedgpebk shear Ioads, the concrete strength and clamping stress

values considered are reported in the test matrix showakle2-7:



Table 2-7 Test matrix from Shaw and Sneed22], including the ultimate shear load.
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Specimen  Concrete Type  f'c (psi) fy (ksi) rfy(psi) Surface Condition  Vu (kip)
N5R4 Normal weight 4860 66.2 880 Rough 59
N5R5 Normal weight 4860 66.2 880 Rough 53
N5R6 Normal weight 4860 66.2 880 Rough 53
N5S4 Normal weight 4860 66.2 880 Smooth 33
N5S5 Normal weight 4860 66.2 880 Smooth 35
N5S6 Normal weight 4860 66.2 880 Smooth 39
S5R1 Sand light weight 4550 66.2 880 Rough 51
S5R2 Sand lightweight 4550 66.2 880 Rough 50
S5R3 Sand light weight 4550 66.2 880 Rough 54
S5S81 Sand light weight 4550 66.2 880 Smooth 39
S5S2 Sand light weight 4550 66.2 880 Smooth 34
S5S3 Sand light weight 4550 66.2 880 Smooth 40
A5R1 Light weight 6080 66.2 880 Rough 48
A5R2 Light weight 6080 66.2 880 Rough 53
A5R3 Light weight 6080 66.2 880 Rough 51
A5S1 Light weight 6080 66.2 880 Smooth 41
A5S2 Light weight 6080 66.2 880 Smooth 40
A5S3 Light weight 6080 66.2 880 Smooth 39
N8R1 Normal weight 7550 66.2 880 Rough 74
N8R2 Normal weight 7550 66.2 880 Rough 56
N8R3 Normal weight 7550 66.2 880 Rough 64
N8S1 Normal weight 7550 66.2 880 Smooth 66
N8S2 Normal weight 7550 66.2 880 Smooth 53
N8S3 Normal weight 7550 66.2 880 Smooth 55
S8R1 Sand lightweight 7210 66.2 880 Rough 72
S8R2 Sand light weight 7210 66.2 880 Rough 67
S8R3 Sand light weight 7210 66.2 880 Rough 67
S8S1 Sand light weight 7210 66.2 880 Smooth 67
S8S2 Sand light weight 7210 66.2 880 Smooth 58
S8S3 Sand light weight 7210 66.2 880 Smooth 59
A8R1 Light weight 7845 66.2 880 Rough 62
A8R2 Light weight 7845 66.2 880 Rough 64
A8R3 Light weight 7845 66.2 880 Rough 64
A8S1 Light weight 7845 66.2 880 Smooth 46
A8S2 Light weight 7845 66.2 880 Smooth 48
A8S3 Light weight 7845 66.2 880 Smooth 52
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Smooth and roughened specimens had similar initial stiffness, but the smooth specimens
experienced greater slip than their roughened counterparts as the applied load increased. The
roughened specimens reached higher pea#ls, but they manifested a more brittle behavior.
Notably, it was found that the concrete strength affected the peak shetorlbath smooth and
roughened specimen#f was also reported that the steel reinforcement crossing the interface
yielded at pak load. Consistently with the outcome of previous studies, the residual strengths were

all similar, regardless of concrete strength and interface condition.

The researchers concluded thas ACI code provisions provided conservative estimates of the
experimental strength in all cases. In particular, it was noted that the 800 psi limit for smdoth col
joints, currently present in the ACI code appeared excessively strict. To this end, it was suggested
that the strength upper limit should bé&uaction of the concrete strength rather than be assigned

an arbitrary value.

2.2.5Harries, Zenq and Shahroo2012)

Harrieset al.[12] investigatedhigh strengthreinforcementnd bar sizavith coldjoint specimens
Theirtestmatrix, shown inrable2-8, includedeight specimens with two reinforcement parameters:
bar diameter ansteelyield stress All interfaces were roughened to a minimamplitudeof one

quarter inch.

Table 2-8 Test Matrix from Harri es at al.[12], including the ultimate shear load.

Specimen f'c (psi) fy (ksi) rfy(psi) Vu (kip)
6153A 5800 67.3 277 66.2
6153B 5800 67.3 272 66.8
6144A 5800 61.5 447 50
614-4B 5800 61.5 454 58.2
10353A 5800 130 545 57.2
10353B 5800 126 517 72.5
10354A 5800 140 1034 58.4
10354B 5800 131.3 980 60

The dip displacementecordedat the peak loaevas different for specimens with different bar
sizes.Stress in the reinforcing steel was negligibfgil slip displacemenof approximately0.01

inch. Thereinforcingbarsdid notyield at peakand had little clampingtress implying thatthe
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crack widh wasnot enough tdully engage the barghe60 ksispecimensada postpeaksharp
degradationwhile the 100 ksispecimengxhibitednontrivial postpeakload-carrying capacity.
Notable conclusions were thatttheoreticalclamping stresmatteredor prediction of thepeak
shearload, but the yield strengtbf the bargdid not Additionally, the overall stiffness was not

affected by bar size or yield strength.

The authors proposed shear frictionequation(Eq. 2.9 reported below) that involved both a
cohesion term and a clamping foqmeportional term. The ternthat is proportional to the
clamping forcevasdirectly related to the steel modulis, instead of the yield stress the steel
reinforcement

Vi = aAcf & 0.002AEs O0.2A.f 6 Eq.2.9
It is interesting to note that previotesearctprogramge.g.Khan and Michell[14] and Hofbeck
et al.[13]) had reported yielding of theinforcing bargrossing the interfacat peak loadHarries
and Zenaattributed the conflicting results of the stress of the steel reinforcement at peatoload
the natural scattering of thests Even thoughhe steeteinforcementdid not reach yield at peak,

Harrieset al.proposed that the 60 ksi limit in ACI should be raised to a higher value.

2.2.6Barbosa Trejo, and Nielse(@017)

Theexperimental programonducted by Barbosa et [] investigatedheimpactof high strength
stee| reinforcement ratio and bar diameten the shear strength of dgbint specimend hetest
program consisted df0 pushoff specimens10 specimensad 60 ksireinforcingbars andlO
specimen$ad 80 ksreinforcingbars. Eaclof thegroup ofspecimengontained five specimens
with No. 4 bars and five witiNo. 5 bars.To matchthe reinforcement ratio for different sized bars,
theinterfaceof theNo. 5 bar specimewas partiallyde-bondedo reduce the net concrete section
that resists the shear transféhe interface hadn amplitude of approximatelyne eighth inch
The test matrix with the peak shear lsade provided ifmTable2-9, and the specimen dimensions

are shown irFigure2.5.
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Table 2-9 Test Matrix from Barbosa [6], including the ultimate shear load.

Specimen f'c (psi) fy (ksi) rfy(psi) Vu (kip)
4G601 4481 72.6 302.5 279.0
4G602 4481 72.6 302.5 256.5
4G603 4198 72.6 302.5 244.5
4G604 4198 72.6 302.5 264.2
4G605 4198 72.6 302.5 269.8
4G801 4372 93.0 387.5 232.8
4G802 4198 93.0 387.5 243.5
4G803 4198 93.0 387.5 252.5
4G804 4198 93.0 387.5 262.2
4G805 4198 93.0 387.5 290.6
5G601 4578 67.6 436.6 273.3
5G602 4578 67.6 436.6 275.8
5G603 4149 67.6 436.6 277.4
5G604 4149 67.6 436.6 272.1
5G605 4149 67.6 436.6 275.2
5G801 4578 86.8 560.6 301.7
5G802 4149 86.8 560.6 305.7
5G803 4149 86.8 560.6 3124
5G804 4149 86.8 560.6 282.7
5G805 4149 86.8 560.6 297.2

Appled Load Appled Load Apphied Load Appled Load
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Figure 2.5: Fig 3.3 and 3.4 from Barbosd6]. Test elevation for specimenslo.4 (left) and No.5 (right) reinforcing bars.

Sustainedshear load was higher for specimemngh 80 ksi reinforcementThis result was
consistenfor bothNo. 4 andNo. 5 bar specimen3he80 ksi specimenbad greatepeakcapacity
but only for No. 5 bar specimenshe lack of consistency suggesthdtthe reinforcement ratio
by itselfdid affectthe sheastransfercapacity Thepeak shear load was simildor all specimens,
suggestinghat cohesion and aggregate interlock pthg major role with respect to the peak
strength of specimenshe No. 5 bar specimens also consistenthad higher shedransfer
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capacitythanNo. 4 barspecimers. However, this was mainlgttributedto some issues associated

to thede-bonded areas

The reinforcing bars yielded at peak load for the 60 ksi specimens, bpégkeyielding was
recorded for the 80 ksi specimens. These somewhat surprising and inconsistent results provide the
motivation for additional experimental research to be perforimdiis area. However, since the

80 ksi specimens had higher sustained shear ltfediesearchemiggested that 80 ksi bars should

still be allowed for use in practical applications.

2.3Findings and Summary

The theoretical lamping stress andoncrete strength (within a certain range) had a significant
effect on the shedransfer capacity of coldoints. However, the isolated effects of the
reinforcement ratio and yield strength were lesser known. For example, some the results of some
experimatal programs showed that the reinforcement yielded at ultimate shear load, while some
showed no yielding of the reinforcing bars. There were only a limited number of tests that dealt

with coldjoints and even fewer that tested high strength reinforcement.



46

Chapter 3: Experimental Design

The literature review indicated that the following parameters are not well understood and/or
studied: cold joints, surface roughnesgoughening method, stength limits, and steel
reinforcementyield strength. e experimental prgram was created with a focus on these
parameters:

1 Cold joints: the coldjoint specimengestedin past studiesvere limited in number with
respect to other interface typesp coldjoint specimens became the focus of this
experimental program.

1 Surface roughnessurfaceroughness and treatment are importaetause it is believed
that the interface roughness is directly proportional to its shear strength. Hoiwéver,
currentlylabor intensive to achieverough interface that complies with A€tandards. In
this study surface retarders were used to ingze their effectiveness in achievisignilar
behaviorof physically roughenedpecimes.

1 Strength upperlimits: the current stiegth uppedimits in shear friction provisions were
guestiord in someof the past studies reviewad Chapter Z13],[14]. A series otests
were developed to investigateeoreticalclamping stressaluesthatwould resulthigher
strength than currently prescribed code limits.

1 Steel strengththere is an interest in increasing the yield strength limit of the reinforcement
crossing the shear interfaand the evidence collected in Chapter 2 suggests that the use
of steel reinforcement with yield stress exceeding 60 ksi may represent a viableAption.
such, both 60 and 80 ksi reinforcement were ingast.

The chapter m@sents the test matrigpecimen design, test set up, and instrumentation.
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3.1 Test Matrix

Twenty-four cold-joint specimens with varying roughnessinforcement rati§ and steel
reinforcemenyield strengths werdesigned antested Table3-1 presents the test matrikhe test

matrix includes test series, specimen lab@asurecconcrete compressive strengtheasured

yield strength of the reinforcing bars, area efnforcement, reinforcement ratio, and the
theoreticalclamping stress. In the table, each specimen has a designation. The first number in the
specimen label refers to tepecifiedyield strength of the reinforcement crossargnterface The

|l etter fAiBRO indicates r o Uhehwnbesfdlowingtheshyphenteler i nt e
to the number of bars crossing the interface (Rgindicates that there are two No. 5 bars crossing

the interfacg For exampleJW60R-8 has eight 60 ksi bars crossimgpughened interface.

The specimens were separated fte test series
1. Test series 0 included two specimens with different surfacelitons (smooth and
roughened) with no reinforcement crossing an interface
2. Test series 60S included six specimens with varying numbers of 60 ksi bars crossing a
smooth interface.
3. Test serie80Sincluded six specimensvith varying numbersof 80 ksibars crossing
smoothinterface
4. Test serie$O0R include five specimensvith varying numbersof 60 ksibars crossing
roughenednterface
5. Test serie80R included five specimens witharying numbersof 80 ksi bars crossing a
roughenednterface.
Testseries60S 80s 60R and80R isolated the effects of theeinforcement ratioBetween ést
series60Sand60R, and 80S and 80QRpecimens with identical reinforcement parameteese
compared tdiighlight the effects ofnterfaceroughnessTest serie® wassimilarly designed to
test the effects of roughned$he roughened interfaces had a minimum average amplitunteeof
guarter inchto meet the ACI requirement using surface retarders, and the amplitude of the

roughness was measured usinglar.
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Test Series Specimen f @psi) fy (ksi) Ay (in?) r (%) rfy (psi)
UWO0S
0 5,850 N/A 0 0 0
UWOR

UW60S2 0.62 0.39 290

UW60S4 1.24 0.78 580

60S UW60S6 5,651 24.4 1.86 1.16 863
UW60S8 2.48 1.55 1153
UW60S10 3.1 1.94 1443
UW60S 12 3.72 2.33 1734
UW80S2 0.62 0.39 383

UW80S4 1.24 0.78 765

80S UW80S6 5,651 98.1 1.86 1.16 1138
UW80S8 2.48 1.55 1521
UW80S10 3.1 1.94 1903

UW80S 12 3.72 2.33 2286
UW60R-4 1.24 0.78 580

UWG60R-6 1.86 1.16 863

60R UW60R-8 5,850 74.4 2.48 1.55 1153
UW60R-10 3.1 1.94 1443
UWG60R-12 3.72 2.33 1734
UW80R-4 1.24 0.78 765
UWB8O0R-6 1.86 1.16 1138

80R UWB80R-8 5,850 98.1 2.48 1.55 1521
UWB80R-10 3.1 1.94 1903
UWB80R-12 3.72 2.33 2286
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3.2 Specimen Design

As indicated in Chaptet, there are different test setups that have been used to test sheatr friction
The specimen and the reinforcement details used in this experimental prognaodaied off
pushoff specimensubjecedto monotonic pure shear loafts simplicity and consistency with
prior tests(e.g. Figure 2.5). Although other methods may provide a more accurate method to
investigate shear friction of surfaces with multidirectional loading, usmgre advanced setup
was beyond the scope of thiorct. Figure3.1 provides the typical geometry and reinforcement
layoutof eachspecimen, while details pertainingttee steelreinforcement crossing the interface
areprovided inTable3-1. The specimegeometryandbar sizeof the reinforcemenwere constant

The specime height was 24nches the width was 1@nhches,and the lenth was 48nches The

length of the interface was lisiches and the area of the interface was Ir0Horizontal 2inch

gaps between two halves of the specimens were designed to allow for relative slip displacement.
This gap is highlighted ifrigure3.1. A 1.5inch cover wasused througbut the specimenThe
specimen was reinforced with Noré&inforcing barsas shown irFigure3.1. Hoop reinforcement

was used & interfacereinforcemento ensurefull developmentThe interface reinfoing bars

werespaced out evenly along the length of the interface area.



50

TYP. 1.50" COVER\ \TYP. NO. 5 BAR %B/&TYP' NO. 5 BAR B

\ rl\ ('_\ Q\
A S A
24.00" T L\ N T 21.00"
Ny
-/ ! / ),
S g =7.00™
14.00" | 18.00" 32.00"
12.00"
A
16.00"
10.00"

48.00"

Figure 3.1: Drawing of a specimen with typical reinforcement details. Grey region irBection cut AA is the interface
region. Section cut BB shows dimension of the interface reinforcement.

To investigate the use of retarders to achieterfaceroughnessgompaniort inchesby 6inches
by 3.5 inchesconcrete specimens were cast and éikafwo different retarders were tested:
Dayt on Su pGast TopSurtase RatardeiSrade 15 (yellow) an@Gradel50(light blue).
The Gradel5 retardedid not result ifminimum average amplitude ohe quarter inclvhereas
the Gradel50 retarder did(Figure 3.2 and Figure 3.3). The amplitude was measurethnually

using a ruler. Grad&50retarder was used for theesarfriction specimens.



51

Figure 3.2: Specimen treated withGrade 15 retarder

Figure 3.3: Specimen treated withGrade 150retarder

The specimen construction was as follows:

Thereinforcementcage was constructed

The bottom hlf of the specimen was cast firgligure3.4).

The interface was smoothed out or treated with retar&egare3.5 andFigure3.6).

P w0 NP

Within 48 hours of the first caghe second half of the specimen was c&sgjire3.7)
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Figure 3.4: Photograph showing the first half of the specimen being casted and the interface being treated with surface
retarders.

Figure 3.5: Photograph of an untreated surface



Figure 3.6: Photograph of a surfacetreated with surface retarder.

Figure 3.7: Photograph of UW60R-8

53



54

3.2.1ConcreteMaterial Properties

Companiorcylinders made ofancrete froneach casiveretestedo obtaincompression strengt
The material properties of two halves did not show much differeswthe averagecompressive
strengthof the two halvesvasrecorded The concrete cylinders and the @pgens were cast, cured,
and tested following thASTM C39/C39M16 [5] guidelines. The average compressive strength,
f c0of the firstseriesof specimeng60S and 8S)was5,651psi and thestrength of thesecond
seriesof specimeng0, 60R and 80Ryas 5,80 psi.

Table 3-2: Concrete compression strength over time

f'c (psi)
Time (days) _ _
Test Series 60S and 80| Test Series 0, 60R, and 80F
7 3,937 3,036
14 4,519 3,939
21 4,831 4,661
28 4,940 5,850
Day of test 5,651 5,850

3.2.2Reinforcemeniaterial Properties

Grade 60 ASTM A706 andrade 80 ASTM 706ANo. 5 steelreinforcing barsvere usedn the
experimers. Material properties of these bars wargsessed througksing using the reduced
section method outlined in ASTBIL7-17 [4]. The material properties apeovided inTable3-3

andstressstrain plots of the steel reinforcing bars are showfiguire3.8:

Table 3-3: Steel reinforcement material properties

Steel Type | fy (ksi) 8 fu(ksi) @&
Gr. 60 A706| 74.4 0.0058| 104.6 N/A
Gr. 80 A706| 98.1 0.0040| 133.2 N/A
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Figure 3.8: Stressstrain plot of the steelreinforcement

3.3Test Setup

The experimental setup is outlined Figure 3.9 and Figure 3.10. The specimens were tested
horizontally and were loaded using a hydraulic actuator with a load capacity -&ip$50A
reaction block, pretressed to the floor of the lab, was used to react the applied loads. The loading
protocol consisted in quastatic monotonically increasing loading and the test was run in
displacement controllhe swivel was attached at the end of the actuator to redueef-@lane
loading andit was supported by a wigtange beamTo reduce frictiorbetween the swivel and

the syport beamthe swivelsat on a PTFE platgeton top of the silicone greased stainless steel
surface Figure3.12). Series of plateand aone quarter inchubber padvere placed between the
specimen and the swivel thstribute the load acrossdasignated 0 inchesby 10inchessquare.
Becausef the placement of the actuator, the specimen needed to be elevated from tdeAyroun
wide-flange steel beawas used as sup, anda stainless steel sheet was welded on top of the
steel beamwith silicone greaseapplied between the specimen and the stainless steeltsheet
minimize friction. A GRM cotton duck pad was placed between the reaction block and the
specimen tdelp distribute the load evenly across the designatedch8sby 10inchessquare

and to account for any potential alignment issues (circl&igure3.11).
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Figure 3.12:Photograph of the actuator head

3.4 Instrumentation

Four key parameters weraonitored throughout each test: thpplied loadthe strain of the
interface reinforcementherelative slip displacement between the two halves of a specimen, and
the vertical separation (i.erack width between the two halves of the specinmEme tes setthat
includes a view of the instrumentation usedli®wn inFigure 3.13 and inFigure 3.17. The



58

actuator had a buiih load cell that was used measue the appliedoad throughout the tests
Strain gauges were used to capture the strain aftddace reinforcemengtring potentiometers
and spring return linear sensors (Dungamentiometerswere used to captureslative slip
displacemen An Optotraksystem was used to mitor the position in space of a grid bED
markersglued to one side of the specimen. The relative displacement between targetedt@s

compute the interfacelativeslip displacement and width.

Vertical Duncan POIN
N — @

IR

String Pots

====

L4 - ,4 —

Horizontal Duncan|Pots
Reference Grid

34,

25"

27.

. 0"

Dou

1.00"

Figure 3.13: Drawing of the test setup with instrumentations (Elevation view, East side).

3.4.1Strain Gauge

The strain gauges were primarily used to capture strain in the axial dirddtioitoring the strain
level in the steel reinforcement crossing the interf@as importanto adequately interpret the
experi ment al results and wunder st .aHuyldelohgaten me c h a
strain gauges were usexhdthey were atiched Anchesaway from the interface to not affect the

bond at the interface. Because the strain gauges were further away from the interface, any local

yielding behavior at the interface was oaptured
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3.4.2String Potentiometers and DuncBotentiometers

The string potentiometers wepaced on the reaction blodk track the overall horizontal
movement of the specimérigure 3.14). The Duncan potentiomets were placetietween the
two horizontalgaps of the specimeie measure the relative slip displaceméiite otherthree

Duncan pagntiometesplaced at the top of the specimmapasurediplift and rotatior{Figure3.15).

 uGar = Sz - - vide - !

Figure 3.14: String potentiometer attached to the reaction block

Figure 3.15: Duncan potentiometers used during the test.
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3.4.30ptotrak

The Optotrak camera captured the movement of the flashing LED markers at a given frefluency

4 Hz and generated positional data of the LED marHRérslocation of th& ED markersand their
designated numbers a&kown inFigure3.17. These positional dataere compared with physical
instrumentations to verifyeach i n st r u me actuedy i Fgures $16 compares the
displacement data from the string potentiometer and the displacement data calculated from the

Optotrak positional ata

Comparing Optotrack and String Pots. SP60-4R

180

160 -

140 -

120

100 -

Load (kips)
e

60 -

40 -

0 — Optotrak
= == = String Pot

0 0.1 0.2 0.3 0.4 0.5 (0.6 0.7 0.8 0.9
Displacement (in)

Figure 3.16: Plot comparing the displacement readings from the Optotrak markers and string potentiometer.

Referencing the LED marker numbers showrFigure 3.17, horizontal displacemeritetween
pairs of LEDmarkes#7 and#13,#8 and#14, #9 and #15, #10 and #16, #11 and #17, and #12 and
#18 were used to represent the relative slip displacement between twooti#heespecimen. The
vertical displacement between the same pafinrsED markerswere used to represent the crack

width. Figure3.18 show the photograph of a specimen with LED markers.
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Figure 3.17: Drawing of the test setup with Optotrak LED markers and designated marker numbergElevation view,

Figure 3.18: Picture of a specimen with LED markers(West side)

West side).
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Chapter 4: Experimental Results

The test program was conducted to investigate the impact of several key variablesngclud
roughening using retarders, strength of the reinforcement, and the number of reinforcing bars
crossing the interface. This chapter presents the test results for each specimen ikelding
observations made during and after the talsisgwith photogaphs andrelevant plots and tables.

Crack patterns and visible damage at different stages of the tests are presented through photographs.
Theforce-displacemengraphsandforce-crack widthgraphsshowthe qualitative behavior of the

specimens.

Salient experimentadlata isprovidedin Table 4-1. The measuredapplied load interface slip
displacemenand interfacerackwidthsare reportedThe residual shear loadasreported as the

load corresponding tadditionalinterface slip of 0.1&hchfrom the peak slip displacement value.
UW60S2 andUWB80S2 do not have reported values of slip displacement and crack wickide

the instrumentations were fault®nly value reported for those two specimens are the peak shear
load and the residual loa@iheinformation ispresented in fivéest seriepreviouslypresented in
Chapter3 for better organizain: test series 0, &) 80S, 60R, and 80R.

The variables imable4-1 are defined as follows:
rfy is thetheoreticaklamping stress.

Vpeakis the peak shedmad

1
1
1 Deaxis theinterface slipdisplacemenat Vpeax
1 Wpeakis the interface&rackwidth at Vpeak

1

VresidualiS the residual shedoad
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Table 4-1: Summary Table

Specimen Properties Measured Results
Specimen fe(psi) fy(ksi) rfy(psi) | Vpeak(KIP)  Deak(in) Wpeak(in)  Viesidual (Kip)
o UWO0S 5850 N/A 0 41.3 0.008 0.0003 N/A
UWOR 5850 67.4 0.002 0.0003
UW60S2 5650 290 99.1 N/A N/A 48.2
UW60S4 5650 580 119.2 0.014 0.0064 99.0
9 UW60S6 5650 24.4 863 111.3 0.037 0.0116 96.8
© [ UwWe60Ss8 5650 ' 1153 157.6 0.025 0.0059 140.8
UW60S10 5650 1443 136.7 0.029 0.0117 125.5
UW60S12 5650 1734 156.8 0.035 0.0107 121.3
UW80S2 5650 383 88.1 N/A N/A 49.2
UW80S4 5650 765 101.3 0.049 0.0176 86.3
a UW80S6 5650 98.1 1138 109.7 0.040 0.0163 93.4
@ [ Uw80Ss8 5650 ' 1521 135.6 0.042 0.0130 116.2
UWB80S10 5650 1903 158.8 0.027 0.0129 143.6
uwsgosi12 5650 2286 195.0 0.040 0.0081 1345
UW60R-4 5850 580 132.3 0.026 0.0145 88.1
. UWG60R-6 5850 863 126.4 0.011 0.0040 101.9
3 | UW6E0R8 5850 74.4 1153 167.8 0.021 0.0093 121.4
UWG60R-10 5850 1443 169.6 0.022 0.0055 137.5
UW60R-12 5850 1734 173.9 0.022 0.0062 131.5
UWB80R-4 5850 765 131.0 0.015 0.0123 104.0
x UWB8O0R-6 5850 1138 119.0 0.005 0.0017 98.1
S | UWBOR8 5850 98.1 1521 174.7 0.039 0.0222 140.7
UW8B0R-10 5850 1903 178.9 0.023 0.0097 1334
UWB0OR-12 5850 2286 153.9 0.014 0.0037 109.8
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4.1 TestingProcedure

All specimens were tested using the saesting proceduteThe pecimens were subjected to
displacementontrolledmonotonically increasing horizontal laaéhenthe applied load started

to decline, or at peak shear lo#tk test werepaused tanarkboth primary andgecondarygracks,
measurerack width, andecord thedisplacementhangesn the horizontalgapsbetweerthetwo
halves of the specimeiPostpeak esponse was investigateég imposing a series adctuator
displacement of 0.3 in¢lpausingevery timeto inspect the specimens and takackwidth and

slip displacemenieasurements he 0.3-inch increment waghosenarbitraily. The ests were
stoppedccompletelywhen the instrumentations were at risk of being damaged or when significant

spallingoccurred

4.2 Typical Specimen Behavior
Thetests are broken down into three stagespeak, peak, and pepeak.Most of the specimemn
excluding UWOS and UWOR (discussed separatelyhad similar responsedhe following
descriptions of the specimen behavior are considgpdal specimen behavior
1 No noticeable crackalong the interfacéormedbeforethe peakshear load.
1 Sets of two vertical crackat the top and the bottom of the specimen and long horizontal
cracks near the actuator and the cotton duck pacefibpefore peak.
0 These were secondary cracks that occurred outside of the critical region and did not
affect theexperimentatesults.
1 At peak, one long continuous craidkmedalong the interface planee. primary crack)
and the applied load started to decline
1 After peak some specimens maintained that residual load until the end of testotitele
specimens had increasing or decreg$dad towards the end of the test.
91 Spalling occurred during the pegieak stage as thsteelreinforcementsmobilized and
experienced substantial rotation, causing large concrete bodies to spall oMaostrof
the spalling occurredroundthe gap areand at thevicinity of theinterface.
Crack patterns and spalling described above can be seen in photographs of the specimens in the
following section. Details foeachspecimenincluding any urexpected aspects of the responses

are presentenh following sections
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4.3Individual Specimen Behavior

4.3.1Test Series 0: Specimenshwitit Reinforcement

UWOS had no reinforcement crossing a smooth interface. Despite having no reinforcement, it
reached a nontrivial peak shear load of &ip3, occurring at a slip displacement of 0.008 inch
and an interface crack width of 0.0003 inch. The peak response wabritteywith the load
immediately dropping to zero after peak. The test was stopped at peak as shmureh 1. The

top half of the specimen was removed to obsdhe interface after the test, and this is

photographed ifrigure4.3. The interface was clean and smooth with no exposed aggregate.
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Figure 4.1: UWOSload-dip displacement graph (top) andoad-crack width graph (bottom). The letters in the graphs
reference different stages and photographs iRigure 4.2



Figure 4.2: Photographs ofUWOS during the test: a) start of test (top), andb) end of test (bottom).
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Figure 4.3: Photograph of the interface after test JW0S)
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Similar toUWO0S, UWOR had no reinforcement crossing an interface. The only difference between
the two specimens was that the interface was roughenBdOR as discussed in Cpter 3. The

peak shear load was 6 k#ps, occurring at a slip displacement of 0.002 inch and an interface crack
width of 0.0002 inch. After the primary crack along the interface formed, the applied load dropped
to zero and the test was stopped. Upon-fesdtinspection, the interface appeared rough with
craters and partially exposed aggregate distributed evenly throughout the interface as shown in
Figure4.6. None of he aggregate appeared sheav#dwhich suggest that the weakness of the
coldjoint was the bond between the aggregate and the cement matrix.
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Figure 4.4: UWOR load-dlip displacement graph (top) andoad-crack width graph (bottom). The letters in the graphs
reference different stages and photographs iRigure 4.5



Figure 4.5: Photographs ofUWOR during the test: a) start of test (top), andb) end of test (bottom).
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Figure 4.6: Photograph of the interface after test UWOR)
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4.3.2Test Series 60Specimens with 60 kBieinforementCrossing a Smooth Interface
This series consisted of six specimens with 2 t@4.2ksi (60 ksi specified§teel reinforcing bars

crossing the smooth interfacBhe theoretical clamping stress ranged f&90psi to 1734 psi.

UWG60S-2 hadtwo No. 5 60 ksi reinforing bars crossing smooth interfacelt reacheda peak
shear load of 99.kips. Because the instrumentations providedity data, only the loadount
graph is reported~jgure4.7). After activation of the primary crackong the interfacgheapplied
load dropped to 48 ps; this load wasnaintaineduntil the end of tesas shown intheFigure4.7.
Spalling occurred around gap; this is circled in redFigure 4.8-c. At this stage, there was
naticeable oubf-plane twisting This wasmost likely caused by the fact that this specimen had
two reinforcement bars crossing the interftta were not sufficient to providenoughout-of-
plane stabilitywhenthe reinfocing barswere deforming and rotatingit the end of the test,
significantspallingoccurred around the interface plaaed removing some concrete around the
interface revealed th#te reinforcemenhadrotated The photographs belo(Figure4.8, Figure
4.9, andFigure4.10) provide a qualitative sense of the specimen slip displacement, spafiohg,

reinforcement rotatian
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Figure 4.7: UW60S2 load-count graph. The letters on the graph reference different stages and photographs figure 4.8.



b) Q)eak: 113.4m

Figure 4.8: Photographsof UW60S2 at different stages of the tests: a) start of test |
peak c) residual d) end of test. The average straigauge value at peak load is
included in the photographs.
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Figure 4.10: Close up of the revealed reinforcement after test/W60S-2 East side).
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UW60S4 hadfour No. 5 60 ksi reinforing bars crossing smoothinterface.The peak loadvas
119.3kips, occurring at aslip displacement dd.014inch, andan interfacecrack width of 0.006
inch. After peakload,as the loadbegan to degragéarge diagonal crack propagdfeom near the
gaps through the interfa@sshown inFigure4.12-c. This secondary crack wasdependenof
the primary crack occtedalong the interface plane at pedke cracks andpallingthat occured
after peak load resulted from themovement of the reinfoneg barsand did not affect the
experimental result$ostpeak, he specimen reached a stabésidualload of 989 kips. Unlike
UWG60S 2, any out-of-plane movement wassignificant The reinforcement hatkss rigid body
rotationand more shear deformatiomhe photographs belo{iigure4.12, Figure4.13, andFigure
4.14) provide a qualitative sense of the specimen displacement, spallingndreinforcement

rotation.
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Figure 4.11: UW60S-4 load-dlip displacement (top) andoad-crack width graph (bottom). The lettersin the graphs
referencedifferent stages andphotographsin Figure 4.12.



C) BGes = N/A

b) &eak= 844m

Figure 4.12: Photographs of UW60S4 at different stages of the tests: agtart of test b)
peak c) residual d) end of test. The average straigauge value at peak and at residui:
are included in the photographs.
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Figure 4.14: Close up of the revealed reinforcement after test/W60S-4 West side).
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UW60S6 had sixNo. 5 60 ksireinforcing bars crossing smoothinterface.The peak loadwas
111.3kips at aslip displacement 00.037 inch and interfacecrack width of 0.11@nch. The
speci meno6s was96.8 ksl Ehé load coatochued to dropntil the end of testThe
interface crackwidth decreased after the residual load (region between c an#ligure 4.15).

This behavior occurred in 3 out of 24 specimens (other specimens are discussed later). It was
unclear on why this behavior occurred and whyidtrbt affectdip displacement. It might have

been caused by concrete around the interface being damaged a certaf largye block of
concrete broke off at the galpe totherotatingreinforcement pushing the concrete tawards

the gapThis is highlighted irFigure4.17.
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Figure 4.15: UW60S-6 load-slip displacement (top) andoad-crack width graph (bottom). The lettersin the graphs
reference different stages and photographs iRigure 4.16.



C) Ges = N/A

b) Q)eak: 1030m
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Figure 4.17: Photograph of the revealed reinforcement after testYW60S-6 East side).

Figure 4.18. Revealed reinforcement after testlyW60S-6 West side).
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UW60S-8 had eightNo. 5 60 ksi reinfortg bars crossing smoothinterface Nothingnoticeable
happened withhespect to the specimens discussed eafliepeak loa was157.5kips, occuring

at aslip displacement dd.025inch andaninterfacecrack widthof 0.006 inch. The residual load

of 140.8kips was maintained without notable fluctuation until the end of theTéstloadcrack

width plot Figure4.19) showed that there was a significant increase in crack width at the peak.
The deformation of the reinforcing bars and the visible damage (e.g. spallinglseceoensistent

with those observed for other specimeftse photographs taken after test areshown inFigure

4.21 and inFigure4.22.
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Figure 4.19: UW60S-6 load-dlip displacement (top) andoad-crack width graph (bottom). The lettersin the graphs
referencedifferent stages and photographs irFigure 4.20.



C) Bes = 2480m

b) Q)eak: 637m

Figure 4.20: Photographs of UW60S8 at different stages of the tests: a) start of tes
b) peak load c) residual d) end of test. The averaggrain-gauge value at peak load
and at residual are included in the photographs.
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Figure 4.22: Close up of the revealed reinforcement after test/W60S-8 West side).

83



84

UW60S10 had10 No. 5 60 ksi reinforig bars crossing smoothinterface.The peak loadvas
136.6kips, occurring at aslip displacement 0.029 inch andan interfacecrack widthof 0.012
inch. The residual load as 125.5kips. Unlike other specimen$JW60S10 had an increasing
sheartransfer capacity &er an initial postpeak drop exhibiting a strairhardening behavior
shown inFigure4.23. It is unknown why this behavior occurrethe crack width decreased and
increased as the applied load was continuing the incriéasef note that the damage pattern for
this specimenvasdifferent and the bars were restrained by the intact condretephotographs

below Figure4.24 andFigure4.25) provide a qualitative sense of the specimen slip displacement,
spalling,and einforcement rotation.
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Figure 423 UW60S-10load-dip displacement (top) andoad-crack width graph (bottom). The lettersin the graphs
reference different stages and photographs iRigure 4.24.



C) Bes — N/A

b) Gea = 893m

Figure 4.24: Photographs of UW60S10 at different stages of the tests: a) start of te
b) peak c) residual d) end of test. The average straigauge value at peak and at
residual are included in the photographs.
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Figure 4.25: Photograph of the revealed reinforcement after testYW60S-10 East side).
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UW60S12 had12 No. 5 60 ksi reinforig bars crossing smoothinterface The peak loadvas
156.8kips, occurring at aslip displacement 09.035inch andan interfacecrack width of 0.011
inch. The applieddad stabilized at a residual load of 1243 after a gradual drop from the peak
load (shown irFigure4.26). The applied load increased after reaching a large slip displacement
and increasedntil the end of theesst It is unknown why this behavior occurrethe damage at

the concrete and the deformation of the reinforcing bars can be déguared.27 andFigure4.28
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Figure 4.26 UW60S-12 load-dip displacement (top) andoad-crack width graph (bottom). The lettersin the graphs
reference different stages and photographs iRigure 4.27.



C) Ges= N/A

b) Geak= 910m

Figure 4.27: Photographs of UW6®-12 at different stages of the tests: a) start of te
b) peak c) residual d) end of test. The average straigauge value at peak and at
residual are included in the photographs.
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Figure 4.28: Photograph of the revealed reinforcement after testYW60S-12 East sie.
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4.3.3Test Series 80S: Specimens with 80 ksi Ra&afoenCrossing a Smooth Interface
This series consisted of six specimens with 2298.1 ksi (specifie@0 ks) steel reinforcing bars

crossingasmooth interfaceThe theoretical clamping stress ranged fR888 psi t02,286 psi.

UWB80S2 had twoNo. 5 80 ksi reinforing bars crossingsmoothinterface Its prepeak and peak
behaviorsfit the descriptions ofthe typical specimen behavioBecause the instrumentations
provided insufficient data, only the lo@dunt graph is reportedrigure 4.29). The specimen
reached a peak shear laaB8.1kips. After the peakappliedload stabilized at a residual load of
49.2 kips as shown inFigure 4.29. Similar to UW60S2, UW80S2 had notable oubf-plane
twisting. The photographs belowrigure4.30, Figure4.31, andFigure4.32) provide a qualitative
sense of the specimen slip displacement, spalling, and reinforcement rotation.
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Figure 4.29: UWB80S-2 load-count graph. Theletters in the graph reference different stages and photographs iRigure
4.30.



C) Bes — N/A

d)

Figure 4.30: Photographs of UW80S2 at different stages of the tests: a) start of test
peak c) residual d) end of test. Thaverage straingauge value at peak and at residui
are included in the photographs.
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