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ABSTRACT

This reportpresers the results from the second phase of an ongoing investigation of the direct
shear transfer across an interface of lightweight aggregate concretes. The lightweight concretes
were made with different lightweight aggregate materials (expanded shale, expkatgexhd
expanded cldy The second phase of the experimental investigation included 52offush
specimens. Test variables included concrete type (normalweight;lightvekight, or alf
lightweight), lightweight aggregate materials, surface preparatibrthe shear interface,
reinforcement ratio, and crack interface condition. Applied shear-&hzeelationsare presented

and discussed. Peak shear strengthslso compared. Currestieasfriction design provisions in

the ACI 318 code and tHeCl Desgn Handbookare examinedShear strengths computed using
the coefficient of frictiore-approachyy thePCIl Design HandboolEquation5-32a)and theACl

318 coddEquatiorn22.9.4.2)and the effectiveoefficient of frictionee-approachn the PCI Design
Handbook (Equation 5-32b) are found to beconservative for the sadmjhtweight and aM
lightweight monolithic andold jointspecimens in this study.

This report also presents a databasghe@sfriction test results collected from the literature that
is analyzed for the effective coefficient of frictiogapproactused in the PCDesign Handbook
(Equation 532b), and the coefficient of frictioe-approachused in the PCI Design Handbook
(Equation 532a)and the ACI 318 ade (Equation 22.9.4.2). The databasdimited to pushoff
specimens subjected to monotonic loading and without external normal forces. Thaeedata
categorizedin terms of concrete type, interface condition, compressive strength ofeten
clamping stress, and area of shear interface to help identify gaps in the litdtasueavisioned
that this database will be expanded in the future to further examinefsbigan models and
design provisions in various codes/standaAdglysis of thecurrentdatabase shasthat PCI
Equation 532b is more accurate and has a los@zfficient of variatiorthan both PCI Equation
5-32a and ACI Equation 22.9.4.2 for normalweight, skgictweight, and alightweight concrete
with monolithic uncacked, monolithic preracked, and cold joint roughened interface conditions.

Based on the results of the experimental program conducted and analysis of the database
developed, evisionsto the PCI Design Handbook and ACI 318 code roposed for shear

friction designprovisionsof a smooth interface conditiofor the cold joint smootinterface
condition,the authors recommend removing the térin the coefficient of frictioru to provide

more accurate and economical designs.
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1. INTRODUCTION

1.1.PROBLEM DEFINITION

The shearfriction design provisions presented in the PCI Design Handbook: Precast and
Prestressed Concrete(®dition) (2010 andAmer i can Concrete Institut
Code Requirements for Structural Concrete (ACI-348 and Commentary (ACI 318R4) are

based on physical test data, although most published test data pertain to concrete that is
normalweight. Lightweighaiggregate concretes are often considered for use when it is desirable

to reduce member weight, such as in precast concrete construction to reduce transportation costs
and enhance fire resistance. Precast concrete elements commonly incorporate cotimegcii@ns

designed based on tskeasfriction concept to transfer forces across an interfAceording to

this method, shear transfer strength is a function of the interface conditions listed in Table 1.1.

Tablel.1 Shear Interface ConditiofisPCI Design Handboolk010

Case | Interface Condition
1 Concrete to concrete, cast monolithically
2 Concrete to hardened concrete, with roughened strface
3 Concrete placed against hardeedcrete not intentionally roughened
4 Concrete to steel

The PClDesign Handbook (201&nd ACI 318 code (2014heasfriction desgn provisions
specify an intentionally roughened surface to have an average amplitude of 0.25 in.

Previous studies orshar-friction have shown that interface condition, reinforcement ratio,
concrete strength, and concrete type (normalweight;lggmaveight, or altlightweight) influence

the shear transfer strendgthnderson 1960Hofbeck et al. 1969Mattock and Hawkins 972,

Mattock 1976 Mattock et al. 1976Walraven and Stroband 1994ahn and Mitchell 2002)

However, few studies have investigated the direct shear transfer of structural lightweight aggregate
concretes, especially for conditions in which concretes are cast at different times, that is, cold joint
conditions. Lightweight aggregates commonly ugedhe production of structural lightweight
concretes include expanded shale, expanded slate, and expanded clay. These aggregates can have
different unit weights and mechanical properties depending on the aggregate source and
production process.

The stuly presented in this report was erond phase of an ongoing investigatiothefdirect

shear transfer across an interface of lightweight aggregate concretes. Results from the first phase
of the study were presentetthe reporby Sneecind Shawi2013), who studied the shear transfer
strength of lightweight aggregate concretes made with expanded shale lightweight aggregate and
a cold joint interface condition. In the second phase of the studghtree transfer strength of
lightweight aggregate condes made with differenstructural lightweight aggregatevas
investigated. Ightweight aggregate concretes were made with different lightweight aggregate
materials (expanded shale, expanded slateexpanded clagy different interface conditions
(monolithic or cold joint) and different reinforcement ratios



1.2. GOAL AND OBJECTIVES

Theoverarchinggoal of this project was to study the effecstiicturallightweight aggregate on
the direct shear transfeacross a given plane in structural concre&peciic objectivesof the
second phase of the projeetre to:

1. Determine whether structural lightweight aggregagerialplays a role in the direct shear
transfer across eold jointinterface(Case 2 or 3 from Table 1;1)

2. Determine theappropriatemodification factore-for lightweight aggregate concretes
(relative tonormalweight concrejefor use in current PCIl Design Handbo@010 and
ACI 318 code (2014¥heafsfriction design provisions for the casef concrete placed
monolithically (Case 1 fron Table 1.1)and concrete placed against hardened concrete
(Case 2 or 3 from Table 1;19nd

3. Determine whether the shear transfer strength of lightweight aggregate concreteoldth a
joint interface increases with increasing reinforcement ratio.

1.3.PROJECT SCOPE
The scope of this study contained the following tasks to accomplish the objectives seat forth
Section 1.2

1. Design, construct, and test a matrix of test specimens where the variables inohuatete
type designated by aggregaomposition (normalweight, santightweight all-
lightweight), lightweight aggregatenaterial(expanded shale, expanded slate, expanded
clay); interface condition (monolithiancracked, monolithic preracked cold joint 1
roughened, cold joirit smooth) and reinforement ratiq} = 0.009, 0.013, 0.01D.022.

2. Analyze the above mentioned variables and their influence on shear transfer strength.

3. Analyze the effective coefficient of frictiom and its applicability for use in the PCI
Design Handbook shedriiction design provisions.

4. Study the need for the lightweight aggregate modification fagtnd recommend any
necessary changes to the sHeiation design provisions in the PCI Design Handbook
(2010) and ACI 318 cod¢2014)

Theexperimental work ithesecondohase of the studgummarizedn this reporfwas designed

to address items 1 and 2 abaralincluded 52 pushoff specimens.The test matrix is shown in
Table 1.2 which also includes the specimens from the first phase of the stuillystmate the
relation between the specimens in both phdseRable 12, pecimens shown in normal texere
constructed fothe second phase of the studiile specimens shown italics were tested in the
first phase summarizeay Sneed and Shaw (201Barametrs held constarnh the second phase
of the studywereshear plane area (49.5)rand target compressive strength of concrete (5000

psi).

For items 3 and 4 above, comprehensive databaseluding results from this study and the
literaturewas developednd analyzedt is envisioned that this databasél be expanded in the
future to further examine shefiction models and design provisions in various codes/standards.

1.4.SUMMARY OF REPORT CONTENT
The problem definition, goal, objectivemd scope of this project are defined in Sectioh this
report A summary of currergheasfriction design provisions the PCI Design Handbook (2010)



and ACI 318 code (20143 presentedh Section 2. Section 3 describes the experimental program
in terms of materials, specimen design and fabrication, tesipsetnda summary of the test
results. Section 4nalyzes and discusses results of the experingamsgucted in this study
Section 5 presentsdatabase o$hea#friction test results colléded from the literature that was
analyzed for the effective coefficient of frictiom-approach used in the POksign Handbook
(2010) and the coefficient of frictiomsapproach used in the PCI Design Handbook (Equation 5
32a) and the ACI 318 de (2014) (Equation 22.9.4.2Finally, Section6 contains a summary,
conclusiors, and recommendations for design equations as well as suggestions for future work.
Comprehensiveesults of each of specimen series are presented in AppendikeAdatabase of

test results used for analysis within treportis included in AppendiB. References are provided

after Appendix B.

Tablel.2 CombinedTest Matrixfor Phases 1 and 2

Concrete LlAghtwelgtht Interface Reinforcement Number of
Type hgllgtrsg; € Condition® Ratio® Specimens
MonolithicT Uncracked 0.013 2
. Monolithic T Precracked 0.013 2
Normalweight N/A Cold joint- Roughened 0.013 3
Cold jointi Smooth 0.013 3
MonolithicT Uncracked 0.013 2
Shale Monolithic T Precracked 0.013 2
Cold joint- Roughened 0.013 3
Sand Cold jointi Smooth 0.013 3
Lightweight Slate Cold joint- Roughened | 0.009/0.013/0.017/0.022 2121212
Cold jointi Smooth 0.009/0.013/0.017/0.022 2/2/2/2
Clay Cold jo_in_t- Roughened | 0.009/0.013/0.017/0.022 2/2/2/2
Cold jointi Smooth 0.009/0.013/0.017/0.022 2/2/2/2
MonolithicT Uncracked 0.013 2
Shale Monolithic i Precracked 0.013 2
Cold joint- Roughened 0.013 3
All - Cold jointi Smooth 0.013 3
Lightweight Slate Cold joint- Roughened 0.013 2
Cold jointi Smooth 0.013 2
Clay Cold joint- Roughened 0.013 2
Cold jointi Smooth 0.013 2

1Specimens shown in normal text were constructedhfersecond phase of the studgecimens

shown initalics were tested in thierst phase summarizday Sneed and Shaw (2013)




2. BACKGROUND INFORMATION

2.1.INTRODUCTION

Due to the norductile material behavioof concrete, the design of connections in reinforced
concrete structures is of greancern when there istlé redundancy or high levels of shear forces
involved. One way to design these types of connections is bghtafriction method which
was pioneered in the 196®y Birkeland and Birkelan@966, Mast (1968, and Hofbecket al.
(1969. Particularlywith the development and widespread use of precast reinforced concrete
members, the design of connections has become increasomghtex The transfer of shear forces
across an interface is discussed in Section 2.2. The developmetimeanarent(as of2016)
shearsfriction design provisions according tiee PCI Design Handbooknd theACI 318 codeare
described in Section 2.8 comprehensive literature revieam sheadfriction researchs included

in the report from the first phase of this projégheed and Shaw 2013haw 201}

2.2.INTERFACE SHEAR-FRICTION

2.2.1.Shearfriction

Thesheatfriction theory was initially developed to describe the transfer of shear forces across the
interface of a precasbncreteelement to a cash-placeconcreteelement It has been extended

to include shear transfecrmssmonolithic interfaces as well. One of the principal assumptions of
the sheafriction theory is that a crack or discontinuous interface exists. The shear force causes
the two surfaces to slielative toeach other. Thenechanisms of aggregate interlock, interface
shearsfriction, dowel action of the reinforcement, atmhesion of the two surfaces work in unison

to resist shear forces. These mechanisms are further described in Section 2.2.2.

While thesheasfriction concept isapplied tothe design ofincracked elementstacked elements
generallycorrespond to lower ultimate shear transfer strengths. In ordgmtdate the worst
casecondition it is assumed that a crack has formed indl@nent in the most undesirable
location. Thiscrackcould be due to temperature &ndshrinkage cracking, accidental dropping

of the specimen, unintended impact forces during transportation or placement of a precast
specimen, etc. Thus, many previoustwdies have included both uncracked andqeeked
monolithic specimens to compare thefear transfer strengths.

Several factorhave been found to influence the shear transfer strengiinding the interface
condition, the amount of reinforcement crossing the shear plane, the yield strength of the
reinforcement, the compressive strength of the concrete, the density of the coinepsence

of an externally applied tension or compression force, €wmncretes with higer compressive
strengths have the potential for higher shear capadédiesormalweight concrete as noted by
Mattock (2001) and Kahn and Mitchell (2Q02Cyclic or sustained loading has been shdawyn
Walraven etal. (1987)to have little effect on the elr transfer capacity; thus, it is typical for
sheasfriction specimens to be tested by monotonic loading. eétsal. (1987) warned of the
potential influence ofarge amounts oéteel reinforcement paralléd the shear plane on the
ultimate shear stretiy of connections.

Several researchers (Mattockaet1976; Hoff 1993Sneed an&haw 2013) have investigated the
effect on shear transfer when lightweight concrete is used. Their results reveal that the bond



between the mortar and aggregate pagidgestronger than the tensile strength of the aggregate
alone and cracksnaypropagate directly through the aggregate particles. This causes a smoother
crack surfacehat reducesthe ultimate shear capacity when compared to that of normalweight
concrete. Typically, in normalweight concrete the cracks propagate around the aggregate since
t he agagr e gtength g Bigher than she bhoed bstween the mortar ggidgate particles

(Mattock et al. 1976).

This phenomenon produces a roughdgasthat aids in aggregate

interlockresulting inhigher surface separatiéor a given amount of slip.

Previous studies (Mattock and Hews 1972; Mattock edl. 1975) have concluded that tension or
compression that is externally applied normal te #ihear plane can either hinder or aid
respectivelythe resistance of shear forces and must be includgtkea¥friction provisions.

2.2.2.Shearfriction Mechanisms
When shear forces are applied in a cradglegion of concrete, slip will occur along theack. If

the surface of thehear p
of concrete

lane is jaggdah the directiomormal to the shear plape¢he two faces
resist slipping through the

me c h a

must first separate to overcome small ridges before slip can occur. Steel reinforcement normal to
the shear plane is strained when there passion of the concrete surfaces. Tension forces are

induced in the steel which in turn create equal and opposite compression forces between the
concrete faces. These compression force
equationwhich is discussedelow. The combination ahis steel clamping force and timbherent

friction along the crack
shearsfriction principle is

surface is referred to as the mechanism of inteHaadriction. The
graphically demonstrated in Figaré.
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The sheaffriction factore can be defineds the ratio of shear stréd® the normal stressacross

the shear interface (Equation 2.1), which can be manipulated by representing the normal force as
equivalent to the tensile force in the stdgfs combined with an external clamping foreethat

may or may not be presenh this equationy is the shear applied along the interfaaedAcy is

the area of the shear interface.

‘ T W O W 01
n 6 Q 0 j0o 0 "Q U (2.1)

The classical equation from basic physics for the force due to frieti@quation 2.2) is simply

the coefficient of frictiore multiplied by the normal forchll. In the case of sheéiction design,

this coefficient of friction does not represent the true roughness of the shear interface. Instead,
researchers have modifigdn the development of empirical equations. The coefficient of friction

in modern design codes has become amallisive parametdhatalso accounts for the effects of
aggrega interlock and cohesion (Harries et al. 2012). These design code ge\ase further
discussed in Section 2.3.

0 U (2.2)

Another contributor tothe resistance tshearforces along an interface is dowel action of
reinforcementcrossing the interfaceFor steel reinforcing bar®aulay etal. (1974)separated

dowel action into three different mechanisggyure2.2) thatinclude flexure, shear, and kinking

of the steel bar. Since significant levels of slifgl crushing of the concredee required to engage
reinfordng barsin these mannerslowel action aloa cannot be relied upon as a principle shear
force resistance mechanism. Large levels of slip can cause deflectionassliesge, unsightly
cracks in a reinforced concrete structure are likely to be a major concern to its tenants. For typical
levds of load and slip, Paulay at. state that only 15% of ttleasfriction capacity is attributed

to dowel action.
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Figure2.2 Mechanisms of dowel action (Pauletyal.1974)



Another component aheasfriction resistances bond of thewo opposingconcrete faces, also
referred to as cohesion. It has been suggested by Kahn and Mitchell (2002) that concretes with
higher compressive strengths have higher shear strengths in monolitluicléoint specimens

due to the contribution of cohesion. These researchers included a term in their pshy@ased
friction equation to account for bond and asperity sh&ae literature does not clearly define the

term asperity shear, but the context suggebkts fasperity sheas the additional shear strength
attributed taresistance bthe projections (asperities) on the crack interthe¢did not previously
interact with rough areas on the opposite face as slip progresses along the shear plane

2.3.SHEAR-FRICTION DESIGN PROVISIONS

In the fundamental equatiokduation 2.1) for the coefficient of frictiore, the termP. accounts

for an externahormalforce. It is conservative teeglectthis externalforce if it is compressive.

Yet, if anexternal tensile force is applied across the shear plane, extra reinforcement must be
provided to account for this force, and it shall be separate from the reinforcement required by
sheaffriction provisions. Such a tension force may be caused by réstralmee movement of
members due to temperature or shrinkage expansion/contracti®ais Ilfieglecedin Equation

2.1, this equation can be rearranged in terms of nominal shear strén@guation 2.3). Here,

Vu is the applied factored shear force gl to the assumed crack,is the strength reduction
factor,Avt is the area of shear reinforcemdnpts the yield strength of the reinforcement, and

the coefficient of friction.

&)

%0

W 0 "Q (2.3)

This fundamental equation (Eation 2.3) forms the basis o$hearfriction design in the PCI
Design Handbooland theACI 318 code. Their specific provisions are detailedsettions 2.3.1
and2.3.2 respectively Within these provisions, a modification facggs used to account fahe
reduced tensile strength (and thus, reduced shear strength and friction capacity) of lightweight
aggregateoncrete.In the current editions of the PCI Design Handbook (2010) and the ACI 318
code (2014), aalue ofa-= 1.0 corresponds to normaigh concretea-is taken a$.75 for alt
lightweight concreteanda-may be taken as 0.86r sandlightweight concrete Alternatively, f
lightweight concrete is used and the splitting tensile strefagith known,ACI and PCI design
provisions allowthelightweight modification factoeto bedetermined b¥quation2.4. Note that

the maximum value aallowed by this equation is 1.0.

0

_ o pat (2.4)

2.3.1.PCI Design Handbook

The Precast/Prestressddoncrete Institute has been developing the body of knowledge
surrounding precast and piressed concrete since the 1950he current PCI Design Handbook
(2010 includes two approaches fehea#friction design. The first approach, which has existed
since the 29 edition of the handbook(1978) useshe effective coefficient of frictioms, and the
second uses the coefficient of frictiomUse of the effective coefficient of frictiom is based on
work summarized by Shaikh (1978), who proposed revisions to the tradgi@aafriction design



concept by Mast (1968) used in the ACI 318 code to produce designs that were more economical.
Shaikh evaluated equations fog proposed by Mattdc (1974), Birkeland (199), and Raths

(1977) against the experimental test datailable at that time. Equations fog proposed by
Birkelandand Raths tok on a parabolic form relatirthe shear strength and a friction teand is

the form ofthe equatians for min the PCI Design Handbodaliscussed in the sections that follow

On the other hand, the equation proposed by Matt@skthe summation of a friction term and a
cohesion term and is the form sliea#friction design provisions in the current AASHD (2014)
provisions.

The equation used to computghas been modified in the past several editions of the PCI Design
Handbook due to several mathematical anomalies identified by TE@@&)including revisions

to the load and strength reduction farst andthe inclusion of the modification factor for
lightweight concrete. While the method proposed by ShéliRii8)was applicable to the four
crack interface conditions in Tablel]l revisions to the current edition of the PCI Design
Handbook(2010 have excluded its use for certain crack interface conditions, namely Cases 3 and
4 in Table 1.1(concrete placed against hardened concrete not intentionally roughened, and
concrete to steel, respectively).

2.3.1.1PClI Design Handbook @' Edition (2004)

Sheasfriction provisions ofthe 8" Edition of the PCDesignHandbook(2004)are based on the
ge-approach andequire an amount of shear reinforcement normal to the &ads given by
Equation4.3.6.1 in the PCI Design Handbqakhere,: = 0.75,V, is the applied factored shear
force parallel to the assumed crack plane (lb)s the yield strength of the steel reinforcement
(less than or equal to 60 ksi), aewhccordingo Equatiord.3.6.2

o) VT (PCI Design Handbooksed.4.3.6.))
00.
. PRI (%OT (PCI Design Handbook'ed.4.3.6.9

A different value ofe is recommended fogach ofthe four different crack interfaceonditions
(Table2.1) and is a function of the value afwhich is a modification factor account for the use
of lightweight aggregateThe lightweight modification factor is given in Section Zlable2.1
alsoshows suggested maximum valuestbé effective coefficient of frictioge and maximum
values of the nominal shear strengtfor ead interface condition



Table2.1 Sheasfriction Coefficients for PCI Design HandbooK &dition (2004)

Case Crack Interface Condition € Max €e Max Vu= h V

Concrete to concrete, cast
monolithically

Concrete to hardened concrete, with

1 1.4e| 3.4 0.30%f A O 180

2 roughened surface 1.0e-| 2.9 0.25¢f B O 180
Concrete placed against hardened S a7

3 concrete not intentionally roughened 060 2.2 0.206¢f ofier O .

4 | Concrete to steel 0.70| 2.4 0.208% Bcr O &FBP

2.3.1.2PCI Design Handbook 7 Edition (2010

The 7" Edition of the PCI Design Handbook2010) states that theheasfriction method is
applicable to reinforced concrete bearing, corbels, daps, composite sections, connections of shear
walls to foundations, shear connections in precast concrete diaphragms, and other applications.
From the 8 to the " edition, there were a femodifications First, Table 2.2shows thate

became inapplicable for the case of concrete to concrete not intentionally rou¢fbased) as

well as the case ahe concrete to steel interface conditi@ase 4) InsteadEquation5-32a(e-
approach)n the PCI Design Handbook (201i8)used for these two cases, wherg used in place

of ee. Equation 532a may also be used for Case 1 and Case 2 interface conditions. Alternatively,
Equation5-32b (ee-approach) may beasedfor Case 1 and Case 2 int@é conditionswhich
corresponds to Equation 4.3.6.1 of tHeEglition of the PCI Design Handbook (20@dee Section
2.3.1.1)with values ofe according to EquatioB-33. The second change in th Edition is the

addition oft to Equatiort-33, ascompared to Equation 4.3.6.2 of tHemdition of the PCI Design
Handbook (200¥(see Section 2.3.1.1) This change was made to reflect the fact ¢b& not a

function of Vy, butrather it is a function o¥/»=VJ/ *+ The third major change of this &dn is

shown in Table.2, where the reduction factesis no longer squared in the limits /dF max

W
n (PCI Design Handbooki7ed.5-323)
%0CY
W
D (PCI Design Handbook!7ed.5-32b)
%0CY
%@ T At

'PCI Design Handbook!7ed.5-33)
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Table2.2 Sheasfriction Coefficients for PCI Design Handbod@K Edition (2010

Case Crack Interface Condition € Max €e Max Vu= h V

Concrete to concrete, cast A A

1 monolithically 1.4 3.4 0.3tA6O0 14/ O0
Concrete to hardened concrete, with e

2 roughened surface 1.0 2.9 0.2 tA60 19480
Concrete placed against hardened S

3 concrete not intentionally roughened 0.6 N/A 020 tA0 0  &®O

4 | Concrete testeel 0.7>-| N/A 0.2 fA6 0 MO0

2.3.2.ACl 318 Code (20%)

Unlike the PCI Design Handbook (Section 2.3.hg turrent ACI318 code (2014) does not

include the use of an effective coefficient of frictics; instead,e is used for all interface
conditions. The nominal shear strength for the case of reinforcement perpendicular to the shear
plane is given by Heption 22.9.4.2 of the ACI 318 code (2014)When thesheasfriction
reinforcement isnclined at an angle/from the shear plane, Hation 22.9.4.3is used.

w 0Q (AC13181422.9.4.9
w o Q OKEl AllO (ACI 3181422.9.4.3
Table2.3 Shearfriction Coefficients forACI 318 (2014)
Case Crack Interface Condition € Vimax=Vu/l t
1 Concrete to concrete, cast monolithica] 1.4e- For nor_mglweight concrete
(monolithic or roughened),
Concrete to hardened concrete, with Vhmaxequals least of:
2 1.0e 0.2
roughened surface X B
Concrete placed against hardened (480 + 0.08cPA: or
3 ) ; 0.6 16007
concrete not intentionally roughened
For all other cases,
Concrete anchored to-aslled structural Vhmaxequals lesser of:
4 steel by headed studs or i®mforcing 0.7 0.2 .8\ or
bars 800A:

In Equations 22.9.4.2 and 22.9.4.3, the yield strength of reinforcemleas an upper limit of
60,000 psi.The ACI 318 codevalues fore area function of crack interface condition given in
Table 2.3 and arthe same athose in thePCl Design Handbool6™ and 7' editions (Section
2.3.1) however, the limitations o, maxare slightly different (Table 2.3The value ot is alsoa
function of thelightweight modification factoe-discussedn Section 2.3If the average splitting
tensile strength of the lightweight concrétes known,the lightweight modification facta@may

be calculated according Equation 24, which is also specified in the PCI Design Handbook
However, unlikehe PCIDesign Handbok, the ACI 318code also allows+to be modified based
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on volumetric fractions of normalweight and lightweight coarse and fine aggregétasn
lightweight coarse aggregateusedwith a mix of lightweight and normalweight fine aggregate,
the ACI 318 code allows linear interpolation between the values of 0.75 and 0.85 based on the
volumetric fraction of lightweight fine aggregate that is replaced wibhmalweight fine
aggregate. Also, men normalweight fines are used with a blend of normalweight ginisvieight
coarse aggregatéhe ACI 318 code allows-to be interpolated by volumetric fraction (with
ranging between 0.85 and 1.0).
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3. EXPERIMENTAL PROGRAM

3.1.INTRODUCTION

This section describes the experimental progcamducted in this study (second phasajl
includes materials, specimen design, specimen assembly, test setup, and test fdwallts.
laboratory work was completed by tvgpaduatestudentsMr. Kristian Krc andMs. Samantha
Wermagerand portions of the dawere used in separate analymaedaresummarized in separate
theses (Krc 203,5Nermager 2015)This sectionrsummarize the combined work and includes
concise summary of result€omprehensivéest results are presented in terms of shear strength,
shear stress, slip of shear plane, dilation of shear plane, and strain in the reinforcing bars crossing
the shear planare summarized in Appendix A of this reporhnalysis and discussion tfie
combinedresultsand the results from the first pham®e preented in Section 4 of this report.

3.2.SPECIMEN DESIGN

As discussed in Section 1.3taal of 52 puskoff type specimens were constructett testedior

the seconghase of thestudy The specimenwere designed similar to previous research studies
to allow the direct comparison of test results. The test variables includedrete type
(normalweight, santightweight, or allightweight), lightweight aggregatenaterial (expanded
shale, expanded slate, or expanded clay), casting procedure (monolithid @im)] interface
condition (uncracked, preracked, roughened, or smoqtahdreinforcement ratig.

Specimen designation notation is explained in Fi@uteand the test matrifor this phase of the
studyis summarized in Table 3.1The normalweight concrete and shale lightweight aggregate
concrete specimens were cast monolithicallanolithic specimens were either uncracked or pre
crackedThe slate and clay lightweight aggregate specimens were constructed-bfjsameight

or al-lightweight concrete and hadcold joint interface that was either roughet®a 0.25 in.
amplitudeor troweledsmooth. Slateand claysandlightweightspecimenswvere constructed with
varying reinforcement ratio$sor a shear plane area of 49.5, iand either 2, 3, 4, or 5 No. 3
doublelegged stirrups crossing the shear plane, associated reinforcement ratios were 0.009, 0.013,
0.017, and 0.022, respectivelpll other specimemnhad a constant reinforcement ratio of 0.013.
All specimens had the sarnterget compressive strength of concrete (5000 pstjual concrete
compressive strengths varied between 4380 psi and 5570 psi.

Lightweight Aggregate Type
(Lightweight Concrete):

SH — Shale

CL - Clay

SI — Slate

Interface Condition:
U — Uncracked

P — Precracked

R — Roughened

S — Smooth

Concrete Type: x Number of Specimen
l\‘[ ]‘\lnrm;_\l\\":igl_ll C-A-P—-I-R-N | in Series:

S — Sand-lightweight lor2

A — All-lightweight

Reinforcement Ratio:
9 - 0.009
Casting Procedure: 13-0.013
MO — Monolithic 17 -0.017
CJ - Cold-joint 22-0.022

Figure3.1 Specimen designation notation




Table3.1 Specimen Test Matrix
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Concrete Lightwe ght Casting Procedure and Series Reinforcement| Number of
Aggregate " . . . .

Type Type Condition Designation Ratio Specimens
: Monol ithic [IN-NOrd-13a  k €©.813 2
Normaweigh N/A Monol ithic [iN-RO--13t [ a OKEd 2
Shale Monolithic [5SHMQ@U-Bc k €©.013 2
Monolithic [IS-SR-M@-P-&3 a 00E3d 2
Cold Joint | iIS-SRGHR3I% e n €.809 2
Cold Joint| S-SLE&8-61 h 0.009 2
Cold Joint | B5-SIR@+R¢glBle n ©€.6013 2
Shate Cold Joint| SISL-6x® 181 h 0.013 2
Cold Joint | B-SIR@IRgllile n ©.417 2
Cold Joint| SISL-6®» X/ h 0.017 2
Sand- Cold Joint | B-SIR@I+ReRA e n @.022 2
Lightweight Cold Joint| SISL-68H®221 h 0.022 2
Cold Joint | iS-CRGMHRy%|e n €.609 2
Cold Joint|] S-CLE&S-61 h 0.009 2
Cold Joint | B-CIR@+R¢glBle n €.6013 2
Clay Cold J q i nt| SICL-6x® 181 h 0.013 2
Cold Joint | B-CIR@IRgllile n ©€.617 2
Cold Joint| SiCL-6®% 1/ h 0.017 2
Cold Joint | B-CIR@+ReRBA e n €.622 2
Cold Joint| SiCL-6x®221 h 0.022 2
Shale Monolithic [ASHMIZU-EBC k €©.013 2
Monolithic [|IA-SB-KM@-P-t3f a 0IEd 2
Al Shate Cold Joint | A-SIRWJHRdB e n ©.013 2
Lightweight Cold Joint| AISL-Glr®181 h 0.013 2
Clay Cold Joi .n t | A-CIRBJHRgLB e n ©.6013 2
Cold Joint| AiICL-Glhr®181 h 0.013 2

3.3.MATERIALS

The main materials used for this research were concrete and reinforcinglsteelgeneral types

of concrete wereused includingnormalweight concrete, satightweight concrete, and all
lightweight concretadefined by their designated aggregate compositiggregates used to
achieve these types of concrete are described in Section 3.3.1. Concrete mixture designs used to
achieve the target compressive strength of 5000 psi are summariSsttion 3.3.2. Lastly,
information about the reinforcing steel used in this study is presented in Section 3.3.3.
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3.3.1.Aggregates

3.3.1.1Normalweight aggregates

Normalweightcoarse aggregate used was crushed dolomite from the Jefferson City formation
readily available in Missouri. Natural river sand was used as fdath.aggregates conformed to
ASTM C33.Properties of the aggregates are summarized in Table 3.2.

The coarseggregate gradation used was 100% passing the 1 in. sieve and less than 5% passing
the No. 8 sieve. The fine aggregate gradation used was 100% passing No. 4 sieve and less than 1%
retained on No. 200 sieve.

Table3.2 Description of Aggregates

_ Densit Specific .
Aggregate Origin (Ibs /ft%l Gfavityz Size
Normalweighti Capital Quarry, .
Coarse Rolla, MO 99 2.63 3/4 in. to No. 8
Normalweighti Capital Sand,
Fine Jefferson City, MO 110 2.55 No.8t0 0
. Buildex, .
Shalei Coarse New Market, MO 44 1.35 3/8 in. to No. 8
Shalei Buildex
Coarse(Flne New Market, MO 54 1.69 3/8in.to 0
Premix
y STALITE, :
Slatei Coarse Gold Hill. NC 52 1.60 3/8 in. to No. 16
N STALITE,
Slatei Fine Gold Hill. NC 60 1.75 No.4to0
Trinity
Clayi Coarse Lightweight, 33 1.30 3/8 in. to No. 8
Livingston, AL
Trinity
Clayi Fine Lightweight, 40 1.42 No.8to O
Livingston, AL

1ft=0.305m; 1 Ib = 0.454 kg
!Loose Bulk Density, ASTM C2@009)
2Bulk Specific Gravity SSD, ASTMC127/C1282015/2015)

3.3.1.2Lightweight aggregates

Expanded shale, expanded slate, and expaaoldgdaggregatesvere used for the lightweight
concrete mixtures. Expanded shale was produced by Buidéew Market, Missouri. Expanded
slate was manufactured by STALITE in Gold Hill, North Carolina. Expanded clay was produced
by Trinity Lightweightin Livingston, AlabamaProperties of the aggregates are summarized in
Table 3.2.Figure 3.2 shows a photif the expanded shale, expanded slate, and expanded clay
aggregates. Aggregates used for the dgytweight concrete are shown in the top row of the
figure. The expanded shale provided wasmneed (blend of coarse and fine aggregates produced
by Buildex) in the case of aggregate used to achieve tHghtiveight concrete (bottom leftfhe
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expanded clay aggregate was the lightest of the aggregates used in this research. In fact, it was
observed that some of the saturated clay aggrefiesged in waér.

e

Figure3.2 Fromleft toright: expandedshale,expandedslate, expandedclay aggregatesCoarse
aggregatesop row, fine aggregatedottomrow

For the sandightweight and allightweight concrete mixtureagoal of the mixture proportioning

was to obtain a consistent aggreggtedationof the combined lightweight aggregates for direct
comparison of the result§he expanded shale gradationgevesed as the contraihce they were
used in the first phase of this study (Sneed and Shaw .20EBpuld be noted that the relative
proportions of coarse and fine aggregaissd in this studyor the slate and clay lightweight
concretesnight not be typical, and that mixtures designed in this study may have slightly different
densities than those that would hédeznachieved otherwise.

The expanded shale coarse aggregadelation used in the production of the séightweight
concretemixture was 3/8 in. x No. 8 sieve. The-klhtweight aggregate gradation was 3/8 in. x
No. 0. These gradations are summarized in TaBle 3.



Table3.3 Expanded Shale Aggregate Gradations (Buildex)

1€

3/8in. x No. 8 3/8in. x No. 0
Sieve Designation Gradation Gradation
Percent Passing Percent Passing
1/2 in. 100 100
3/8in. 99 100
No. 4 18 87
No. 8 1 51
No. 16 1 33
No. 30 - 21
No. 50 - 14
No. 100 - 7

The expanded slate coarse and figgregates had gradations shown in T&8BleFor the sand
lightweight concrete mixture, only the coarse aggregate was used. Forlitjetaitight concrete
mixture,it was determined that a mixture of 30% coarse and 70% MS16 Fines would produce a
gradation similar to that of the expanded shale gradation.

Table3.4 Expanded Slate Gradations (STALITE)

3/8 in. MS16 Fines(#4-0)
Sieve Designation Percent Passing Percent Passing
1/2in 100 100
3/8in 98.5 100
No. 4 3.6 100
No. 8 1.3 84.5
No. 16 1.3 32.6
No. 30 1.2 2.3
No. 50 0.8 0.5
No. 100 0.5 0.3

The expanded clay coaraad fineaggregatehad agradation showin Table 35. For the sand
lightweight concrete mixture, only the coarse aggregate was used. Forlitjetaitight concrete
mixture, a mixture consisting of 55% of coarse aggregate by weight and 45% of fine aggregate by
weight was used so that it wasdar to the expanded shale prexed gradation.
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Table3.5 Expanded Clay Aggregate Gradasdmrinity Lightweight)

Coarse Aggregate Fine Aggregate
Sieve Designation PercentPassing Percent passing
1/2 in. 100 100
3/8 in. 99.9 100
No. 4 41.8 100
No. 8 7.9 90.8
No. 16 2.0 69.3
No. 30 1.6 45.9
No. 50 1.1 30.2
No. 100 09 19.6

3.3.2.Concrete Mixtures

3.3.2.1Mixture Designs

The concrete mixtures wedesigned anderified by severaltrial batches to achieve the target

plastic and hardened propertid$ie lightweight concrete mixtures were designed with guidance

from the lightweight aggregate manufacturdiise target compressive strength of 5000 psi was
desirable, but concretesgithin approximately 500 psi of the target compressive strength were
accepted. Low slump (~2 in.) Wwakedepilaeemdoe
formwork for specimens with a cold joint interface condition

All concrete mixtures were composetiportland cement (Type I/ll), water, coarse aggregates,
and fine aggregates. No chemical additives were used in the concrete miXtnmaslweight
concrete was made with normalweight coarse and fine aggregates desci$astion3.3.1.1.
Sandlightweight concrete were made with lightweight coarse aggregates described in Section
3.3.1.2 and normalweight fine aggregates described in Section 3.3.igghAdleight concrete
weremade with lightweight coarse and fine aggregates described in Sectibi2.3.3

Final mxture proportionsfor each concrete mixtur@are summarized in Table 63. The
normalweight concrete mixture met the ASTM C33 (2013) specification requirements. All of the
lightweight concrete mixtures met the requirements set forth by thEMAS330 (2014)
specification.
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Table3.6 Concrete Mixture Proptions

Lightweight Mixture Design Quantities (Ib/yd®)
Concrete Type Aggregate Coarse Fine
Type Aggregate | Aggregate Water | Cement | wic
Normalweight N/A 1728 1302 305 517 0.59
Shale 834 1498 281 535 0.53
i Sand Slate 975 1125 265 530 | 0.50
ightweight
Clay 692 1251 263 612 0.43
Shalé 1885 260 610 0.43
All -lightweight Slate 528 1233 378 801 0.47
Clay 692 556 263 796 0.46

! Normalweight concrete coarse and fine aggregsattisfied ASTM C332013)

2 Sandlightweight concrete coarse aggregatere ASTM C330, fine aggregateere ASTM
C33(2013)

3 All -lightweight concrete coarse and fine aggregsagisfied ASTM C33@2014)

4 All -lightweight expanded shale aggregate was premixed by the manufacturer

>Type I/l cement

3.3.2.2Batching Procedure

Lightweight aggregateare capable of high water absorption. This is due to the manufacturing
process of being heated to high temperatures during which the aggregates expand and create a
complex capillary void structure. Due to this phenomenon it is necessary to saturatedightwe
aggregates prior to batching. It is usually most desirable to bring the aggresyatetted surface

dry (WSD) condition, which is analogous to tketurated surfaedry condition (SSD)for
normalweight aggregate3his, however, is difficult to ackve on a large scale. Instead, it is
common practice for batching plants to soak lightweight aggregate with soaker hoses for a period
of time prior to batching.

To achieve adequate and unifosaturation in this experimental work, a saturation tank was
created by cuttingff the top of a 1000 Itiquid storage tank with a valve neifwe bottom. A
strainer wasusedto catch anyarticles larger than 1/16 iby gluing apiece ofmetal mesh over

the valve openinglhe tank is shown in Figure 3. Bwo daysprior to batching, the tank was filled
with the required amount dightweight aggregate. Then it wéBed with wateruntil the water

level was about 2 irabove the aggregate. This was to prowdaeter level sufficient to cover all
aggregate for thewtation of soaking. The tank was then allowed to sit undisturbed for 48 hours.
After the48 hour period theanhk was drained using the beiitt valve. The outfhw of the tank was
passed over a No. 100 and ROO sieve to retain all fines. These fines wlen returned badio

the tank The saturating procedure was identical fofightweightaggregates.
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Figure3.3 Tank wsed forlightweightaggregatesaturation

All concrete mixtures were batched, mixed, and placed in the Concrete Materials Laboratory in
Butler-Carlton Hall at Missouri S&T. Mixing was performed using-aubic foot rotary drum
mixer shown in Figure 3.4.

] £

Figure3.4 Six cubic foot rotaydrum mixer

3.3.2.3Plastic Concrete Properties

The plasticconcrete properties of tmeixtures used for specimen casting are summarized in Table
3.7. Slump of concrete mixtures was determined following steps of AGTHB (2015). Density

and air content of the concrete mixtures were measured aaaod®STM C138 (2014). Unit
weight of fresh concrete mixtures was measured and reported. Due to the capillary nature of
lightweight aggregate, using pressure air meteoisecommended. To determine the air content

of lightweight concrete mixtures, the ASTM C173 (20L4)plumetric method wassed. Figure

3.5 shows the equipment used to determine the air content.



Table3.7 PlasticConcretePropertis

20

Concrete Lightweight Aggregate Density* Air 2 Slump?
Type M aterial (Ib/ft3) (%) (in.)
Normalweight N/A 148 2.5 5.5
Shale 117 2.0 4.25
Slate (SSL-CJXX-09 series) 117 15 2.0
Slate (SSL-CJXX-13 series) 117 2.5 0.75
Slate (SSL-CF}XX-17 series) 117 2.0 2.25
Sandlightweight | Slate (SSL-CJXX-22 series) 118 2.5 2.0
Clay (SCL-CJ}XX-09 series) 105 2.5 1.25
Clay (SCL-CJXX-13 series) 105 2.5 1.25
Clay (SCL-CJ}XX-17 series) 104 2.0 1.5
Clay (SCL-CJ}XX-22 series) 106 2.5 15
Shale 108 3.0 2.5
All -lightweight Slate 106 2.8 6.5
Clay 88 2.5 0.5

! Density of freshly mixed concrete; ASTM C1G8814)
2 Gravimetric method used for normalweight concrete, ASTM 2884) volumetric method
used forlightweight concrete, ASTM C17@014)
3 ASTM C143(2015)

@ (b)

(©)

Figure3.5 a) Modulus ofelasticity yoke, b) brassvolumetricmeter,c) pressurameter
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Figure3.6 a)Cylindercompressivestrengthtest b) splitting tensilestrengthtest

3.3.2.4Hardened Concrete Properties

Hardened concrete properties are summarized in Tébldt3e concreteompressive strength of

each batch was measured at 3, 7, 14, 21, and 28 days. Compressive strength, splitting tensile
strength, and modulus of elasticity were determined at test day, which for this research was 28
days after casting the speen. The compressive strength was determined according to ASTM
C39 (2015) using a minimum of three 4 in. by 8 in. cylinders. The splitting tensile strength was
determined using a minimum of one cylinder according to ASTM C496 (2011). Figure 3.5 and
Figure 3.6 show the equipment used for determining the above mentioned properties.

Table3.8 Hardened Concrete Properties

Specimen Series Targe't fe | f c? f .t test day* | fo 2 o E. 3

(psi) (psi) (psi) (psiy afco (psi)
N-MO-XX-13 5000 4840 4840 420 6.0 3900000
S-SH-MO-XX-13 5000 4770 4770 460 6.7 3300000
A-SH-MO-XX-13 5000 4700 4700 515 7.5 2650000
S-SL-CHXX-09 5000 5380 5380 595 8.1 3300000
SSL-CFXX-13 5000 5570 5570 570 7.6 3500000
SSL-CHXX-17 5000 4950 4950 670 9.5 3050000
S-SL-CHFXX-22 5000 5000 5000 445 6.3 3450000
A-SL-CFXX-13 5000 4380 4380 420 6.3 2450000
S-CL-CJ}XX-09 5000 4770 4770 340 4.9 2500000
S-CL-CJ}XX-13 5000 4640 4640 360 53 2650000
S-CL-CIXX-17 5000 4550 4550 410 6.1 2600000
S-CL-CJ}XX-22 5000 4790 4790 485 7.0 2700000
A-CL-CJFXX-13 5000 4460 4460 405 6.1 1700000

lvalues reported are the average of three cylinder tests, ASTM C2@B84)
2 ASTM C496(2011)
3ASTM C469(2014)
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It is interesting to note thatalues of tensile strength for the sdightweight concrete and all
lightweight concretes, particularly those with shale and slate aggregates, are similar to that of
normalweight concrete. Alsthe measured values 6f for the altlightweight concrete with shale

and slate aggregates are similar to that of the-kgindveight clay concrete, artet appears to be
dependent on concrete density rather than concrete type.

3.3.3.Reinforcing Steel Bars

Deformed reinforcing steel bareve provided fothis research by Ambassador Steel Corporation.
The bars were ASTM A615 Grade 60. All bars of the same size used in this study were supplied
from the same heat.

Mill certifications were provided upon shipment for quality assurance pwpddee mill
certifications stated that the yield stress was 73,865 psi for the No. 3 bars and 65,818 psi for the
No. 5 bars. Properties reported by the manufacturer were verified by conducting tensile tests
according to ASTM A37@2015) Strain was measutteusing strain gages described in Section
3.5.5.2. The straireadings were also verified using an 8 in. extensometer that wasaefnom

the tensile coupon upon yieldinbhe average yield stress of the No. 3 and No. 5 bars were 72,185
psi and 70,695 psrespectively. The average ultimateess of the No. 3 bars was 101,055 psi,
while the average ultimate stress of the No. 5 bars was 102,390 psi. Representatig&raitness
curves for the No. 3 and No. 5 bars are shown in Figure 3.7. A summarytensile test results

is presented in Tad 39. It should be noted that for Specimefi,3he extensometer slipped upon
loading and damaged the strain gage as well. Therefore only the peak stress was obtained for this
specimen.

80000
70000 ~
60000 ,/ -7
Tg‘ 50000 /
;&j40000 // No. 3 Bar
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10000 -

0

0 2000 . 400 6000
Strain (microstrain

Figure3.7 Representativetress vsstrain plots for steelreinforcingbarsused inthis study
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Table3.9 MeasuredReinforcing Steel Bar Properties

Tensile Specimen Bar Yield Stress Peak Stress Modulus of
ID Size (psi) (psi) Elasticity (psi)
3-1 No. 3 ND? 100,870 ND?
3-2 No. 3 72,200 101,110 32,040,000
3-3 No. 3 72,165 100,995 28,466,000
Average 72,185 101,055 30,253,000
5-1 No. 5 70,700 102,750 27,437,000
5-2 No. 5 70,470 102,555 28,021,000
5-3 No. 5 70,915 101,870 28,871,000
Average 70,695 102,390 28,110,000

values denotedlD asindicateno data

3.4.SPECIMEN FABRICATION

Specimens were fabricated during the spring of 2@sting dates are summarized in Tabl©3.1

A total of 54 specimens were constructed and tested incl&@irspecimens summarized herein
andtwo trial specimend onewith a cold joint interface,and onewith a monolithic interface
Section 3.4.1 discusses the preparation of the reinforcing bar. cdg@snwork assembly is
presentedn Section 3.4.2. Concrete placement and shear interface preparation is described in
Section 3.4.3. Lastly, Section 3.4lécusses the concrete curing pchae

Table3.10 Specimen Casting and Testingt®s

Specimen Casting Test Age at Test | Number

Series Date Date Date (days) | of Tests
N-MO-13 1/23/2015 | 2/20A5 28 4
S-SH-MO-13 1/28/2015 | 2/25A5 28 4
S-SL-CJ9 3/2/15 3/30/15 28 4
S-SL-CJ13 1/30/15 2/27/15 28 4
S-SL-C}17 3/9/15 4/6/15 28 4
S-SL-CJ}22 2/11/15 3/11/15 28 4
S-CL-CJ}9 4/1/15 4/29/15 28 4
S-CL-CJ}13 4/8/15 5/6/15 28 4
SCL-C}17 4/15/15 5/13/15 28 4
S-CL-CJ22 4/24/15 5/22/15 28 4
A-SH-MO-13 2/6/2015 3/6/15 28 4
A-SL-CJ13 4/27/2015 | 5/25/15 28 4
A-CL-C}13 3/16/2015 | 4/13/15 28 4

3.4.1.Reinforcing Steel Bar Cage Preparation

Each reinforcing cage waonstructed of ASTM A615 Grade 60 sted described in Section

3.3.3. Reinforcing steel bars were bent and the cages were assembled in the High Bay Structural
Engineering Research Laboratory at Missouri S&pecimens presented in theport were based
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on the design usdd the first phase of the study described in SneeldShaw (2013)which had
reinforcement ratio 00.013 This correspondto three No. 3 closed stirrups orthogonal to the

shear plane as shown in Figur8.3Reinforcing bars located parallel to the shear plane were four

No. 5 bars that were bentinto&nL 0 s hape. These No. 5 bars wer
stirrups inside the flanges. Concrete cover was 0.75 in. throughout the specimen except at the shear
plane where the concrete cover was 0.25 in. (see Figure 3.8 cross section).

e————————————— 1750 m —————————————

2.001mn. e 11.00in
Flange —\ 450in e 550in 4—‘

‘@ 0 T1 11 d| \
|lp © . —‘ A\ \Q |
o g @r"|<"— 0.50in. \\ | | : : \‘ [T

2o N\ g

N _ ~ f el _
}-ﬁ 5.50in. »‘ o v
No.3 Closed Tie Stirrups Shear Plane

@5inx11in)

Figure3.8 Reinforcementetail (dimensions shown in the figure are measured to the nearest
0.25in.). Note: Details shown are for a specimen y#h.013. For specimens with
reinforcement ratios of 0.009, 0.0EAd 0.022, the number of No. 3 closed tie stirrups crossing
the shear plane is 2, 4, and 5, respectively, and they are distributed uniformly across the 11 in.
long shear plane

el
Figure3.9 Reinforcement cages of each reinforcement @gti@009, b) 0.013, ¢) 0.017, d)
0.022

o TR
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In order to achieve four different reinforcement ratios amongltte sandightweight and clay
sandlightweighttest specimens, four different reinforcing cagafigurationswere usedqFigure

3.9). The No. 3 stirrups thaenedas the shear reinforcement were distributed evenly across the
shear plane. As shown in Figud@, the shear plane measutddn. x 4.5 in. to equal a total shear
planeareaof 49.5 irf. Either two, three, four, or fivdoubleleggedstirrups were used as shear
reinforcement fotthe slate sandightweight and clay sanlightweight test speciment create
reinforcement rati®of 0.009, 0.013, 0.017, or 0.022, respectively. No. 3 wars also used in

the flanges to confine the-¢hapes and to provide extra reinforcement of the flanges.

3.4.2.Formwork and Assembly

Specimens constructed for this study required two types of formwork, one for specimens with a
monolithic interface, and one for specimens with a cold joint interf@pecimenswith a
monolithic interface were cast on their side using formwork shown uré&i810. This formwork
allowed for easy placement and consolidation of concrete. The formwork was built using 0.75 in.
thick untreated plywood and 2 in. by 6 in. untreated boards. Steel void formers \&eekoyand

Shaw (2013) were modified for this fowork. The void formers can be seen in Figure 3.10. The
overall inside dimensions were 12 in. by 24 in. by 5.5 in. This size provided a shear plane of 49.5
in?. The shape of the specimens was designed based on previous research conducted by Mattock
and Havkins (1972). Indentations alorige shear plane in the cross section view of Figure 3.8
were achieved by a 0.5 in. chamfer on the bottom and by inserting an identical 11 in. long piece
into the finished top surface.

Specimens with a cold joint interfaceske to be cast in two stages to achieve themonolithic
condition along the shear plane. Formwork shown in Figure 3.11 was used for this type of casting.
By casting specimens this way, the shear plane was fully exposed to allow for preparation of its
suface. The materials and dimensions used were identical to those of the monolithic formwork.

igure3.10 Formwork forspecimens with anonolithic interface
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Figure3.11 Formwork forspecimens with &old joint interface

3.4.3.Concrete Placement and Shednterface Preparation

All specimens were cast in the Concrete Materials Laboratory in the #tdon Hall at
Missouri S&T.Concreteplacement of the monolithic specimens wasductedn one lift without
any shear interface preparatidie monolithic specimens wecasfrom the same concrete batch
in groups of four: two were to have an uncracked interfaice,two were to have a peeacked
interface (described in Section 3.5.4).

For the cold joint specimens the concrete was placed in two lifts with a minimum of eight hours
between casting each lift to achieve the cold joint condition. The cold joinhsgesiwere cast

from the same concrete batchgroups of four: two with a smooth and two with a roughened
interface. After the first lift was placed, the shear plane of the smooth interface specimens was
troweled smooth. The roughened interface specimems left alone for approximately 4 hours.
After initial setting of concrete, the shear plane of the roughened interface specimens was
roughened to amplitude of approximately 0.25 in. as specified by the AGId#1E42014) and

PCI DesignHandbook 2010. This was achieved using the tool shown in Figure 3.12. The depth
of scoring was controlled by inserting one quarter of the haok of the scoring tool. The shear
plane was scored in the direction perpendicular to the direction of loading acrossrthevieltii

of the shear plane. After scoring was completed, the shear plane was cleaned using compressed
air. The depth of roughemy was then measured avetified at several random locations using a
digital caliper as shown in Figure 3.13.
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Figure3.13 Example ofroughenedurface andneasuring ofoughness

3.4.4.Concrete Curing

The specimens along with cylinders were covengith plastic immediately after casting the
concrete. After a 2hour period, the specimens and cylinders werendiled and placed inside

the moistcure room located in the Concrete Materials Laboratory in the Boddton Hall at
Missouri S&T. This rom is maintained at 70 degrees Fahrenheit and 100 percent humidity. The
specimens and cylinders were kept in the moise room until the day before testing. The night
before testing, the specimens and cylinders were removed from thecom@isbom and &wed

to dry off in order to be tested the next day. Casting and test dates are summarized in Table 3.11.

3.5.TEST SETUP

This research expaadontheprevious research conduciedhe first phase of this stuthy Sneed
andShaw (2013). Therefore, thigsearch utilizeé a similar test setup. Two trial specimens were
constructed to confirm the test setup used previously and to test the data acquisition system. This
section describes the test setup including the support conditions, loading protccohchieg
procedure (where applicable), and flange confinement. Data acquisition and instrumentation used
to collect electronic data are discussed in this section as well.
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3.5.1.Support Conditions

After thorough evaluation of previous reseaccmducted, it wasletermined to follow the final
support conditions used I8need an&haw (2013). This was done for two reasons: it was proven

to work for the testing at Missouri S&T, and it was already available for this research. It was
determined to not use the rollgisgem used previously by Hofbeck (1969) due to minimal lateral
translation of the specimen during testing observe®sihged andShaw (2013). The support
conditions for testing of specimens are shown in Figure 3.14. A hemispherical bearing head was
used ortop of the specimen to transfer the load from the crosshead of the Tinius Olsen universal
testing machine to the specimen. The specimen was supported on the bottom by the steel platen of
thetesting machineNeoprene pads were placed between the speclareges and the steel plates

used on the top and bottom to help distributddhd evenly.

EYE PROTECTION : ;
MUST BE WORN - —

' b
Figure3.14 Typical supportconditions fortesting

3.5.2.Flange Prestressing/ConfinemenBystems

Based on the research conductedsbged anéhaw (2013) it was determined that primary and
secondary confinement of the flanges would be used was used tqexwmidture flange failure.

The primary confinemerstystem consisted of two steel plates and &tlethread rods around each
flange as shown in Figure 3.4nd was intended to provide active confinement to the flange. The
all-thread rods with nuts were tightened to 5@1rhis corresponds to approximatelys3@si of
compression to each flange. Th#ect of prestressing was monitored using the strain gages
mounted on the reinforcing bars crossing the shear plane. No effect outside of the noise levels of
strain gages was seen during the primary prestressing.

The secondary prestressing system shimmAigure 3.15 consisted of four 0.5 in. plates. On the
back of the specimen they were held in place with two structural steel angles. On the front of the
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specimen the plates were pushed against the flange using four bolts per plate as seen in Figure
3.15 This confinement was intended to provide passive support in the event of flange failure out
of plane. It should be noted that no premature flange failures were observed in any of the tests
included in this study.

Secondary Primary
Confinement Confinement
System System
Dilation 4
DC-LVDTs \
Slip DG-LVDT

StrainGage Data
Acquisition
Figure3.15 Primary and scondaryflange onfinementsystems

3.5.3.Loading Protocol

As mentioned irSection3.5.1 a Tinius Olseruniversal testing machinsith 200kip capacity

was used to apply the load to the test specimens. The load frame is locatetbmethStructat
Materials Testing Laboratory in Butl€arlton HallatMissouri S&T. For this study, all grimens

were tested under displacement controlled loadingontrolling the stroke of the testing machine

at a rate of 0.015 in. per minute. The specimens tested until one of the following conditions
occurred: a target slip @.3 in. was reached, or 60 percent of the ultimate strength was reached
(after the ultimate strength was reached).

3.5.4.Pre-cracking of Monolithic Specimens

During the review of previouslonducted research involving peeacking of monolithic
specimens,tiwas discovered that different researchers used different methods to accomplish this
task. The Mattock and Hawkinsé (1972) approac
precracking, the shear plane was painted white on both sides of the spegincrack was

produced along the shear plane by applying a line load to both sides of the specimen using an in
house developed splitting tool shown in Figureés3The specimen was placed on its side, and the
pre-cracking tool edge was placed into the cfemnused to create the shear plane as shown in
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Figure 3.7. Loading was gradually increased until a significant drop in load occurred. At this
point, the load was paused, and the specimen was examined visually for hairline cracks.
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Figure3.16 Precrackingtool |
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Figure.lt recrackingsetup

3.5.5.Instrumentation and Data Acquisition

Eleven data channels were used to monitor each test. Six data channels were displacements
measured with direct currefibear variable differential transducers (R&DTs). Three channels
recorded strains measured using uniaxial strain gages. The lasatavohdnnels were used to
measure the load and global displacement (stroke) of the testing machine. Both of these
measurements were acquired from the on board load cell and transducer on the bottom platen of
the Tinius Olsenesting machineThe specimemstrumentation is sl in Figure 3.5 (except

for the load and global displacement). All channels were observed in real time throughout the test
to ensure proper functioning of each data channel.

3.5.5.1Direct current i LVDTs

Two DC-LVDTs were used to measusép along the shear interface, and four-DZDTs were

used to measure dilation of the shear interface. Three\ILTs were mounted on the front face

of the specimen, and an identical configuration was used on the back face of each specimen. The
DC-LVDTs used b measure tdilation (horizontal separation) had +1.0 in. stroke, while the DC
LVDTs measuring slip had 0.5 in. stroke. These were sufficient to measure the displacements
experienced by each specimen. The DEDTs were mounted to the aluminum bkats that were
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mounted on specimens using a{ghie gun with a slow setting glue readily available at the local
hardware store. This method was recommended by HILTI Test Lab staff from Tulsa, Oklahoma.

3.5.5.2Strain Gages
Two sets of strain gages were mounted on the reinfoste®d used in this study. The first set of
strain gages used were uniaxial electronic resistance strain gagesOGIR2AUN-120)
manufactured by Vishay Micrmeasurements. The second set was typd&2A50BG120/LE
by Vishay Micremeasurements ordered at a later date.

Three strain gages per specimen were attached to the exterior face of the reinforcing bars crossing
the shear plane. The strain gages were positioned so that they would b&eatiba of shear
plane crack as shown in Figure 3.18. During the bar preparation (i.e. removing the lugs), special

care was taken to not reduce the bar esestional areanore than necessary T h e

manuf act

instructions were followed to attach thragn gages. After the strain gage was attached, a
protective covering butyl rubber patch (Vishay Barrier E) was placed over the strain gage as
shown in Figure 3.19. When the reinforcement cage was placed in the form, it was checked to
ensure that straigages were crossing the shear plane. All strain gages were checked for operation

before the placement of concrete.

During testing, it was observed that a large amount of noise was present in the strain gage readings.
It took the research team severatitegsessions to determine that the power supply on the strain
gage data acquisition system was malfunctioning. Howekisr noise was later removed in the

strain data.

[— Strain Gages Placed Along the Shear Plane
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Figure3.18 Location ofstrain gages

i .
Figure3.19 Straingagesattached teshearreinforc

ement
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3.6.TEST RESULTS

This section summarizes the salient results fronsdw®nd phase of thexperimental program.
Comprehensiveest results angresented in terms of shear strength, shear stress, slip of shear plane,
dilation of shear plane, and strain in the reinforcing bars crossing the sheanpppendix A

3.6.1.Failure Mode and Cracking Behavior

The failure mode of each test specimen is sura@d in Table 3.1. Failure of most specimens

was associated with shear failure of the shear interface. Figure 3.20 shows a photo of a typical
failure along the shear plane.

Shear plane

Figure3.20 Typical specimen failed in shear along the intended shear plane

Specimens £L-C}R-17-1, SCL-CJ}R-17-2, SCL-C}R-22-1, SCL-CJ}R-22-2, SCL-C}S

22-1, and SCL-CJ}S-22-2, each ofwhich had expanded clay aggregates i@maforcement ratio
r=0.017 or 0.022, failed due to concrete splitting (88Mmmittee408 2003) prioto shear failure.
Figures 3.21 and 3.2 showphotographs of specimens that failed due to concrete splititige
longitudinal and auxiliary reinforcement. It is worth noting that the concrete with expanded clay
aggregates had the lowest splitting tenstiengthand elastic moduluef all sandlightweight
concrete mixtures in this study (Tabl&)3.Specimens SL-CJR-22-1, SSL-CJ}R-22-2, SSL-
CJ}S-22-1, and SSL-CJS-22-2, which had expanded slate aggregatesrafd)22, failed in shear

but also exhibited several splitting cracks. Additional discussion on splitting failure observed in
these specimens in inclad in Wermager (2015).
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Table3.11 Summary of Test Results

. f'cat test Vu v | Vo av Slipat | Dilation Vur?® | vur® | Vur av Failure
Specimen ID d;y (0si) (Ibs) (pusi) (péi)g (i\r/1u) a(litn\/)u (Iubrs) (;;i) (péi)g (VulVur)avg Mode
N-MO-U-13-1 63410 | 1281 1269 0.019 0.014 40729 | 823 823 154 Shear
N-MO-U-13-2 4840 62203 1257 0.017 0.015 ND ND Shear
N-MO-P-13-1 61071 1234 1192 0.017 0.011 45537 | 920 1011 118 Shear
N-MO-P-13-2 56973 | 1151 0.023 0.012 54598 | 1103 ' Shear

S SHMO-U-13-1 55434 | 1120 1132 0.011 0.009 40773 | 824 801 141 Shear
S SH-MO-U-13-2 4770 56588 1143 0.010 0.010 38501 | 778 Shear
S SHMO-P-13-1 50593 1022 1035 0013 0.007 39068 | 789 830 125 Shear
S-SHMO-P-13-2 51884 1048 0.020 0.009 43098 | 871 Shear
A-SHMO-U-13-1 52032 | 1051 10% 0.016 0.009 32821 | 663 707 1.49 Shear
A-SHMO-U-13-2 4700 52549 | 1062 0.013 0.009 37162 | 751 ' Shear
A-SHMO-P-13-1 46120 932 998 0.038 0.009 41332 | 835 906 110 Shear
A-SH-MO-P-13-2 52692 1064 0.026 0.007 48352 | 977 ' Shear
SSL-C}R-9-1 49340 1000 1010 0.009 0.007 30560 | 617 617 163 Shear
S SL-C}R-9-2 5380 50475 | 1020 0.007 0.006 ND ND Shear
SSL-C}S9-1 26945 540 600 0.021 0.007 23040 | 465 529 114 Shear
SSL-C}S9-2 32500 660 0.012 0.006 29300 | 592 ' Shear
SSL-C}R-13-1 63167 | 1276 1238 0.013 0.008 ND ND 735 168 Shear
SSL-C}R-13-2 5570 59370 | 1199 0.013 0.009 36363 | 735 Shear
SSL-C}S131 39487 798 891 0.017 0.007 30508 | 616 700 127 Shear
SSL-C}S132 48767 985 0.016 0.008 38771 | 783 ' Shear
SSL-C}R-17-1 62385 | 1260 1290 0.012 0.008 ND ND ND ND Shear
SSL-C}R-17-2 4950 65150 | 1320 0.009 0.007 ND ND Shear
SSL-C}S17-1 47640 960 955 0.018 0.007 ND ND 694 138 Shear
SSL-C}S17-2 47120 950 0.019 0.007 34330 | 694 ' Shear
SSL-C}R-22-1 64455 | 1300 1230 0.011 0.006 39640 | 801 801 154 Shear
SSL-C}R-22-2 5000 57590 | 1160 0.006 0.007 ND ND Shear
SSL-C}S22-1 49810 | 1010 1075 0.018 0.006 32600 | 659 694 155 Shear
SSL-C}S22-2 56535 | 1140 0.016 0.006 36130 | 730 ' Shear
A-SL-CJR-131 46525 940 944 0.012 0.006 30148 | 609 645 146 Shear
A-SL-CJR-13-2 4380 46925 948 0.005 0.005 33741 | 682 Shear
A-SL-C}S131 37842 764 774 0.019 0.007 30810 | 622 671 115 Shear
A-SL-C}S13-2 38751 783 0.024 0.007 35575 | 719 ' Shear
SCL-CJR-9-1 37060 750 810 0012 0.007 ND ND ND ND Shear
SCL-CJR-9-2 4770 42910 870 0.008 0.005 ND ND Shear
SCL-C}S9-1 31920 650 710 0.012 0.005 23610 | 477 519 136 Shear
SCL-C}S9-2 37960 770 0.009 0.005 27730 | 560 ' Shear
SCL-C}R-131 50785 | 1026 086 0.007 0.006 31310 | 633 651 151 Shear
SCL-C}R-13-2 4640 46885 947 0.015 0.005 33178 | 670 Shear
SCL-C}S131 41006 828 822 0.015 0.006 31025 | 627 600 137 Shear
SCL-C}S132 40436 817 0.018 0.007 28402 | 574 ' Shear
SCL-C}R-17-1 51240 | 1040 1095 0.004 0.004 37420 | 756 751 145 Splitting
SCL-C}R-17-2 4550 56660 | 1150 0.009 0.005 36920 | 746 Splitting
SCL-C}S17-1 43140 870 930 0.012 0.005 ND ND 667 139 Shear
SCL-C}S17-2 48930 990 0.013 0.006 33040 | 667 ' Shear
S CL-C}R-22-1 56720 | 1146 1111 0.008 0.003 ND ND 670 166 Splitting
S CL-CI}R-22-2 4790 53225 | 1075 0.017 0.006 33250 | 672 ' Splitting
SCL-C}S22-1 52405 | 1059 1061 0.01 0.004 40300 | 814 815 130 Splitting
SCL-C}S-22-2 52590 | 1062 0.005 0.003 ND ND ' Splitting
A-CL-CJR-131 41858 846 865 0.009 0.006 ND ND 534 162 Shear
A-CL-CJR-13-2 4460 43816 885 0.011 0.006 26451 | 534 Shear
A-CL-C}S131 36966 747 750 0.008 0.005 ND ND 501 150 Shear
A-CL-C}S132 37324 754 0.015 0.006 24795 | 501 ' Shear

v, andvyr are defined ashe peak and residual applied shear force respectively, divided by the area of the shear plane
2Residual shear forcd, is defined as the load at 0.15 in. of slip

3Some values fov,; andv,, are denoted as ND (no data) because the slip did not readleao¥4l.15 in. before the

test was concluded.
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Flexural cracks

(@) | | (b)
Figure3.21 Typical cracking due to splitting failura) side faceb) top/back face; specimen S
CL-CJR-17-2 shown

y S
Figure3.22 Specimen SCL-CJR-17-2 with loose concrete removed, confirming that cracks
extend to grface of longitudinal reinforcement bar (splitting failure)
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Typical sheamplane cracks for monolithic normalweight and monolithic lightweight concrete
specimens are shown in Figure 3.23. Dilation of the shkage crack at the peak applied shear
forcewas the most significant for normalweight concrete specimens, which is likely the result of
the use of a larger maximum aggregate size (i.e. 3/4 in.). This larger aggregate creates greater
dilation as described Ityre sawtooth analogy by Birkelandnd Bikeland (1966). This dilation

ranges from 0.011 in. to 0.015 in. at the peak applied shea(T@icke 3.1). For sandightweight

concrete and alightweight concrete the maximum aggregate size was 3/8 in. causing the shear
crackdilation at the peak apied shear force to range from 0.003 in. to 0.01@Table 3.1).

(@ (b)
Figure3.23 Typical earplane cacka) normalweightconcretemonolithic interface p) shale
sandlightweightconcretemonolithic interface

Examples ofinterface cracking observed at peak load in specimens with the different cold joint
interface conditions are shown in Figure 3. PHe dilation of the crack along the shear plane was
larger for speimens with a roughened interface than for corresponding specimens with a smooth
interface (Table 310), and the cracks along the shear plane of the roughened specimens appeared
jagged when compared to smooth interface specimens at the conclusion gf(tégtine 3.24).

For cold jointspecimens, the cracking behaviors of specimens with lower reinforcementjratios (

= 0.009 and = 0.013) differed from that of the specimens with higherfoeo@ment ratios}(=

0.017 and =0.022). As shown in Figure 3.24, most of the specimens with lower reinforcement
ratios had clearly defined cracks along the shear platesmwaller flexural cracks horizontally
across the front face of the specimen and small splitting cracks insida\ty beneath the top
flange. The flexural and splitting cracks are not associated with the shear failure, and the applied
shear force, |, strain, and dilation responses as well as thetiea plots from Wermage(Q15)

indicate that these specingefailed predominately due to shear along the intended shear plane, not
flexure or splitting. Specimens with higher reinforcement ratios had more splitting and flexural
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cracks that were significantly wider than those of the specimens with smallerceméont ratios,
but most of these specimens failed in st{Eagure 3.25)

—| Interface
| Cracking

(a) (b)
Figure3.24 Typical shear crack &) specimens witlaroughened interface, specimeiC&-CJF
R-13-1 shown, andb) specimens with smooth interfaspecimen SL-CJS-22-S shown

Splitting
cracks

Figure3.25 Typical cracking otold jointspecimens with higher reinforcement ratio that failed
in shear along the shear plane; specim&LE£JFR-22-1 shown

Spalling of concrete cover occurred for some specimens, particularly tthetfailed due to

concrete sptting. In some instances, this spalling caused detachment of the aluminum brackets

thatheld the LVDTs.

Previous studies discuss diagonal tension cracks forming across the shear plane at angles between
15 to 50 degrees, and ranging from 1 to 3 in. long. The reinforcement ratio used in these studies

ranged fromy = 0.003 to} = 0.019 (Mattock and Hawkins 18y or} = 0.000 to} = 0.026
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(Mattock et al. 1976), oy = 0.004 to} = 0.015 (Kahn and Mitchell 2002). A vertical crack
eventually formed along the shear planatconnected these diagonal cracks. This behavior was
noted by Mattock and Hawkins (19723 well as Mattock et al. (1976) for uncracked monolithic
specimens. Kahn and Mitchell (2002) also described this behavior occurring for both uncracked
monolithic andcold joint specimens. These diagonal tension cracks were not observed for any
specimensn this study

3.6.2.Applied Shear ForceV-slip Relations

Applied shear forc&/-slip relations for the normalweight, sahghtweight, and aHlightweight
series specimens with a reinforcement rpti0.013 are shown in Figures 8.8 3.32Monolithic
interface specimens aneresentedn Section 3.6.2.1, and cold joint interface specimens are
presentedn Section 3.6.2.2.

In summarythe applied shear foraeersusslip relationsn Figures 3.26 to 3.3llow a general

trend of an elastic region, then a soihg behavior up to a peak in applied shear force, followed

by a gentle decline in applied shear force until it levels off to a constant value in which slip
continues to increase. The elastic regiompproximatelylinear, and its slopappeas to be
unaffected by shear plane interface condition. The peak applied shear force, however, tends to be
higher for specimens with a roughened interface as compared to specimens of similar aggregate
type and reinforcement ratio having a smooth interface. Thegmmied shear force occurred at
levels of slip ranging from 0.004 in. to 0.021 (@omparison of the peak applied shear forces in
terms of the test variables and valdesermined byhe PCI Design Handbook and ACI 318 code
shear friction design provigms is presented in Section After the peak shear force is achieved,

the roughened specimens also have a steepepffrimpapplied shear force as compared to smooth
specimens. This quabrittle behavior was also noted $need anéhaw (2013). As general

trend, the roughened specimens had residual shear strengths sithibgetothe specimens with

a smooth interfagevhere residual shear strengghdefined in this study as the shear force that
corresponds to slip of 0.15 in.

3.6.2.1Monolithic Interface Specimens

From Figure 3.8, it can be seen that the normalweight monolithic interface specimens exhibit
roughly the same stiffness prior to the peak applied shear forceaeBk@pplied shear force is

not significantly affected by prcracking.After the peak shear force was achieved, the applied
shear force reduced with increasing slip until a nearly constant value of applied shear force was
reached for all specimens in a given series. The uncracked specimens behaved in a more quasi
brittle manner than the corresponding-pracked specimens, that is, after the peak shear force
was achieved, the shear force decreased rapidly with increasing slip.
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Figure 3.26 Applied shear forc®-slip relations for normalweight concrete specimens with
1 =0.013 and monolithic interface

Figure 3.Z shows that the shale sahghtweight concrete monolithic specimemgth an
uncracked or preracked interfacexhibited similar initial stiffness. Thpeak shear force was
larger for the uncracked specime@®lid lines in the figure}han the preeracked specimens
(dashed lines in the figureQuasibrittle, postpeak behavior was observed with uncracked
specimens.
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Figure3.27 Applied shear forc¥ slip relations for santightweight concrete specimens with
}=0.013 and monolithic interface
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Figure 3.8 shows that the shale diljhtweight concrete monolithispecimens with an uncracked

or precracked interfaceénad similar initial stiffness. The peak applied shear force did not appear
to be influenced by preracking of the specimens. However, the uncracked specis@itslines

in the figure) exhibited more quadirittle, postpeak behavior comped to the preracked
specimengdashed lines in the figure)
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Figure3.28 Applied shear forc&-slip relations for allightweight concrete specimens wijth
=0.013 and monolithic interface
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Figure3.29 Applied shear forc¥ slip relations for santightweight concrete specimens with
4=0.013 anctold joint interface



4C

For the slate and clay satightweight concrete cold joint interface specimensuFag.29 shows

that the initial stiffness of the smodolid lines in the figureand rougheneftashed lines in the
figure) interface specimens was simildihe peak values correspond to a slip of about 0.015 in. A
significantly higher peak shear forceashieved with the roughened interface specimens compared

to smooth interface specimer&pecimens with a roughened interface behaved in a more brittle
manner than the corresponding smooth interface specimens in that applied load dropped off
sharply after the peak load was achieved, although the restieml forcevas similar to that of
thecorresponding specimens with a smooth interface.

3.6.2.2Cold Joint Interface Specimens

The slate and clay dliightweight concrete cold joint interface specimens shown in F3§.éso

exhibited similar initial stiffnessThe peak values correspond to a shi® @15 in. to 0.020 inA

larger peak shear force was observed in the specimens with a roughened interface (dashed lines in
the figure) than the corresponding smooth interface specimens (solid lines in the figure). This
higher peak shear force was acconipdby quastbrittle, postpeak behavior. Theesidualshear

force did not appear to be affected by the shear plane surface preparation.
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Figure3.30 Applied shear forc¥-slip relations for allightweight concrete specimens with
=0.013 anctold joint interface

Figure 331 plots representative applied shear foveslip relations for thelatesandlightweight
concrete specimens with varying reinforcement rgtiofAs shown in Fig. 38 the slate sand
lightweight specimens with a roughened interface had larger peak shear force than corresponding
specimens with a smooth interface and the ggrard specimens with higher reinforcement ratios
achieved larger peak shear forces.



41

70 - -S-SL-CJ-R-22-1

o - -=8-SL-CJ-R-17-1

60 4 oIS - -8-SL-CJ-R-13-2
AN RN - -S-SL-CJ-R-9-1

/! YN Z . —S-SL-CJ-S-22-1

50 - hi oy sl —S-SL-CJ-S-17-1

! e e ——8-SL-CJ-S-13-1

—S-SL-CJ-5-9-2

N
o

w
o

Applied shear force V (kips)
N
o

-
o

0
0.00 0.05 0.10 0.15
Slip (in.)
Figure3.31 Applied shear forc&-slip relations for representative salightweight concrete
specimens witlexpanded slate aggregaied acold joint interface

The same trersdvereobserved for the clay satightweight specimens in Fig. &, although the
difference in shear force between corresponding rengtiand smooth interface specimens is

more pronounced for the slate aggregate specimens than the clay aggregate specimens. As a
general trend, the slate shiightweight concrete specimens had a larger peak shear force than
corresponding clay sardjhtweight specimens with similar interface condition gndith two
exceptions (SCL-CFS-13-2; SCL-CFS-22-1).
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Figure3.32 Applied shear forc¥-slip relations for representative salightweight concrete
specimens witlexpanded clay aggregatad acold joint interface and
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As mentionedn Section 3.6.1six of the clay santightweight speanens failed due to concrete
splitting and loss of bond instead of shear failure along the intended shear plane. This behavior is
observed in Figre 332, which shows a sharp drayf in applied shear force after the peak shear
force is achieved for specens SCL-CJ}R-17-1 and SCL-CJS-22-1.

3.6.3.Interfacial Cracking Stress

The appliedshear forceversusinterface steel strain plofer each specimeare presenteth
Appendix A Each of the plot&zasgenerated usintipe data from one strain gage, even if all three
gages from a specimen were in working order. This ensured that multiple yield plateaus were not
exhibited on a single graph as would occur if all three stain gage readings had been averaged.

When the skar crack forms, the shear reinforcement engages, which can be detected from the
strain measurements as a sudden increase i n si
the applied shear streggv=V/Ac) versus interface reinforcement straiot. A typical example

of thisresponsés shownin Figure 3.33
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Figure3.33 Typical shear stressaterface reinforcement strain plots for the determination of
interface cracking stress (Specimer€ISCJR-9-1 and SCL-CJ}S-9-2 shown)

Values ofshear stress associated witte interfacial crack formatione for all monolithic
uncracked, roughened, and smooth interfapecimens are summarized Tald€2. The
monolithic pre-cracked specimens are not included in thlde because the crack was initiated
prior to testingThe values of. in Table3.12 are the average determined from each of the shear
forcei strain relations for all properly functionirgjraingages offie corresponding specimens.
Values are reported to the nearest 254ogerage values of. for each serieare reporte@sver,avg

It should be oted that the values for seriessMO-U in Table3.12 are not the averaged values
because cracking was notieleted by the strain readjs in specimeiN-MO-U-13-1.
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Table3.12 Summary ofinterface Cracking Stresses Determined From Strain Measurements

S . D Interface Ver Vcr,avg STD Vcr,avg R Rat:io d
pecimen Condition } (psi) (psi) (psi) /Oé‘rgnoirt‘ﬁ
N-MO-U-13-1 Uncracked 0.013 ND?!
N-MO-U-13-2 Uncracked 0.013 700 700 N/A N/A
S-SH-MO-U-131 Uncracked 0.013 625
S-SH-MO-U-13-2 Uncracked 0.013 450 538 87.5 N/A
A-SH-MO-U-13-1 Uncracked 0.013 750
A-SH-MO-U-13-2 Uncracked 0.013 300 525 225 N/A
S-SL-CJR-9-1 Rouglened 0.009 625 650 o5
S-SL-CJ}R-9-2 Rouglened 0.009 675 208
SSL-C}S9-1 Smooth 0.009 275 313 38 ’
S-SL-C}S-9-2 Smooth 0.009 350
SSL-CIR-131 Roughened 0.013 625 625 0
SSL-C}R-13-2 Roughened 0.013 625 208
SSL-C}S131 Smooth 0.013 300 300 0 ’
SSL-C}S132 Smooth 0.013 300
SSL-C}R-17-1 Roughened 0.017 625 688 63
SSL-C}R-17-2 Roughened 0.017 750 204
SSL-C}S-17-1 Smooth 0.017 375 338 38 '
SSL-CJ}S-17-2 Smooth 0.017 300
S-SL-C}R-22-1 Roughened 0.022 625 563 63
S-SL-C}R-22-2 Roughened 0.022 500 145
SSL-C}S-22-1 Smooth 0.022 400 388 13 '
S-SL-C}S-22-2 Smooth 0.022 375
A-SL-CIR-13-1 Roughened 0.013 550 550 0
A-SL-CJR-13-2 Roughened 0.013 550 191
A-SL-C}S-131 Smooth 0.013 300 288 13 ’
A-SL-C}S13-2 Smooth 0.013 275
S-CL-CJ}R-9-1 Roughened 0.009 475 500 o5
S-CL-C}R-9-2 Roughened 0.009 525 129
S-CL-C}S-9-1 Smooth 0.009 350 388 38 ’
S-CL-C}S-9-2 Smooth 0.009 425
SCL-C}R-13-1 Roughened 0.013 525 500 o5
S-CL-C}R-13-2 Roughened 0.013 475 160
SCL-C}S131 Smooth 0.013 325 313 13 ’
SCL-C}S132 Smooth 0.013 300
SCL-CIR-17-1 Roughened 0.017 650 650 0?2
S-CL-C}R-17-2 Roughened 0.017 650 173
SCL-CJ}S17-1 Smooth 0.017 350 375 o5 ’
SCL-C}S17-2 Smooth 0.017 400
S-CL-C}R-22-1 Roughened 0.022 800 712 882
S-CL-C}R-22-2 Roughened 0.022 625 114
SCL-C}S22-1 Smooth 0.022 575 625 507 ’
S-CL-C}S-22-2 Smooth 0.022 675
A-CL-CJR-13-1 Roughened 0.013 550 538 13
A-CL-CJR-13-2 Roughened 0.013 525 110
A-CL-C}S131 Smooth 0.013 475 488 13 ’
A-CL-C}S-132 Smooth 0.013 500

IND denotes no datacracking was not detected from strain measurements
2Specimens in this series failed predominantly due to concrete splitting



44

Considering the specimens that failed in shear, valuag: &6r specimens with anonolithic
uncracked interface were between 300 psi and 750 psi, with larger values for normalweight
concrete than those with sahghtweight and aHlightweight concrete. Values o for specimens

with a roughened interface condition were between 475 psi and 750 psi. Valiésraipecimens

with asmooth interface condition were betwex® psi and 425psi.

Figure 3.34 shows the average value of interface cracking s&ggsnd standard deviation for
each seriewith } = 0.013 Series with a monolithic or roughened interface condition had similar
values ofveravg. AS expected, series with a smooth interface condition had the lowest values of
Veravg NO trends are apparent with respect to lightweight aggregate material.
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Figure3.34 Averagevalue ofstressassociated withinterfacecrackingver,avg determined from
strain measurementf®r specimensvith } = 0.013

Figure 3.35 showthe values ofiravg for the sandlightweightcold joint specimens witlvarying
reinforcement ratiasFigure 3.35 showthese values averaged for each sevies including

those specimens that failed due to splitting. Each series shown in Figure 3.35 haschigher
values for roughened interface specimens versus smooth interface specimens of the same
aggregate fye and reinforcement ratio.

It is worth notingn Figure3.35that the specimens with concrete splitting failures had some of the
highest values of average interface cracking stragseSince these values represent cracking of

the interface rathehain cracking in other areas of the specimen, it is possible that the first cracks
to form on these specimens were splitting crackther than interfacial shear cracBecause of

the redistribution of stress that occurs after splittinig, possible tht the interfaciathear cracks
formed on the intended shear plane at higher levels of applied shear force than would normally
occur if the specimen were free of splitting cracks.
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Figure3.35 Average interface cracking stresg,avg for all sandlightweight concretserieswith
varying reinforcement ratio

3.6.4.Summary of Test Results

Table 3.1 summarizes key valudseom the experimentsThe Specimen ID follows the naming
convention that is shown in Section 3.2. The compressive strieg@thest day has been rounded
to the nearest 10 psi. Other data presented in the table include the peak (ultimate) a@plied she
forceVy, peak applied shear strasgvi=Vu/Ac), slip atVy, dilation atV,, residual forcé/u, and
residual stresgur (vur=Vur/Acr). The residual forc¥yr corresponds to the strength of the joint after
a complete fractur@Mattock et al. 1976; Kahn and Mitchell 20G&)dis defined in this study as
the load corresponding to a slip of 0.15 in. For the calculation of stresaedvythe area used
was the crossectional area of the shear plane equal to 48.R\irerage w@lues of stressag and

vur, for each series are shownvaswgandvuravg respectively. Finally, the average values for peak
to-residual shear stress ratia fvur) are also presented in Table Bfar each series/aluesof ND
listed in Table 3.1 indicate that thepecimen reached 60% it§ ultimate shear strength (pest
peak) before reaching the slip of 0.15 that is used to define the residual shear sugength,
However, these values can be estimated from the applied sheardmuasslip plots.
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4. ANALYSIS AND DISCUSSION

4.1.INTRODUCTION

This section analyzes and discusses results of the experiomscted in both the first and
second phases this studiResults from the first phas# this studyare presented in Sneed and
Shaw (2013)with a summary in Shaw and Sneed (2054 results from the second phase are
presented in Section@

In the sections that follow, thafluence of the test variables is examined in terms of peak shear
strength and residual shear strenigitSection4.2 In Section 43, results are compared the
current editions of th®Cl Design Handbook010) and theACI 318 code(2014) Concluding
remarks from the analysis in this sectiare summarized in Section 4.4

4.2. ANALYSIS OF TEST VARIABLES

This section aalyzes the experimental resuitsm this studyto determine the influence of the test
variables included in this study. The studied test variables include concrete type, lightweight
aggregatenateria) shear interface preparation, and reinforcement ratio.

4.2.1.Concrete Type

In this study,three types of concrete were us@trmalweight, santightweight, and all
lightweight concretewhere each type was designated by its aggregate compoditienunit
weight (measured on fresh concrete) ranged from 88 1brfall-lightweight concrete to 148 Ib#ft

for normalweight concretésee Table 3). In this section, the shear transfer strerggthcimens

with a constant reinforcement ratje;0.013, and different concretgpesis analyzedn terms of

unit weight Monolithic interface specimens and cold joint interface specimens are compared
separately.

Figures 4.1and 4.2 plot thepeak (ultimate)shear stres v, and residual shear st®vyr versus
concrete unit weight for specimewith a monolithic interface calition and reinforcement ratio
1=0.003. Figure 41 shows the relation of the peak (ultimate) shear siregsrsus concrete unit
weight. Trendlines are plotteth the graph for the uncracked and pmeacked specimens,
maintaining the distinction between the different interface conditions. The trends show that for
specimensvith a monolithic interfacethe peak shear stress increases with increasing unit weight.
This istrue for both uncracked and pceacked specimens. The slopes of the trendlinesirarkar
suggesting that the increase in peak shear stress with increasing concrete unit \gaigteris
with or withouta preexisting cracklt should be noted, howevehat the normalweight concrete
specimens had a larger maximum aggregate size (3/4 in.) than thégbandight and aH
lightweight concrete specimens (3/8 in.).

Figure 42 plots the residual shear sg®vr versus concrete unit weight. The residsta¢ar stres

values have slightly greater deviation between the specimens of each series compared to the peak
shear stress values from Figuré&. 4 he slopes of the trendlines suggest increasing residual shear
stresswith increasing concrete unit weight.
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Figure4.1 Peak bearstressvy vs. @ncreteunit weight formonolithic interfacespecimenswith
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Figures 43 and4.4 compare thgpeakshear stresvy and residual shear s§®vyr to concrete unit
weight for the cold joininterfacespecimens in this study wij=0.013.The data are supplemented
with datafrom the N5, S5, and A5 seriedrom the first phase of this studgported by Sneed

and Shaw (2013), whichad a reinforcement ratio =0.013andthe samenominalcompressive
strength as those in this phase ofshely(f & 5 0 0 Q Figure #3)plots the peak shear strags
versus concrete unit weight for the cold joint specimens, along with trendlines, maintaining the
distinction between roughened and smooth interface specif@nspecimens with a roughened
interface condition,lte trendlines show that the peak sheaissirereases with increasing unit
weight.For specimens with a smooth interface conditimandlines have a slightly negative slope.

It should be noted that valsi®f shear strength are notmualized, and the compressive (and
tensile) strength of the different concretes has some slight variations, which may explain the
negative slope. In generahe trendlines for the specimens with a smooth cold joint interface
condition show that specimensth the same concrete compressive strength had nearly the same
peakshear stresv, (approximately800 psi)irrespective of concrete unit weight (concrete type)
and lightweight aggregate materi@his suggests that aggregate material does not play a role in
the sheatransfer strength across a smooth interfatere the shear transfer may be attributed to
cohesion and dowel action of the reinforcem&htese results are supported by those frone&ne

and Shaw (2013), which showed that the shear transfer strength across a smooth interface was not
influenced by concrete unit weight. However, Sneed and ShavB)(20d0 showed that shear
strength increases with increasing concrete strength, where er ldghmpressive strength is
associated with a higher cementitious materials content resulting in increased cdéhgsrerd.3
alsoshowsthat the differencen peak shear stress valusgtweerroughened and smooitterface
specimens tends to decreasehvdecreasig unit weight.lt is possible thatoughened interface
specimenswith a lower unit weight wre more likely to shear off across the grooves in the
intentional roughnegkan those with a higher unit weight
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Figure 4.4 plots the residual shear s$rgr versus unit weight of concrete. The trendlines suggest
a slight increase iresidual sheartsength with increasing concrete unit weight.

1600

BRoughened interface, slate aggregate

®Roughened interface, clay aggregate

1400 | A Roughened interface, shale aggregate, S-5-R and A-5-R series from Sneed and Shaw (2013)
XRoughened interface, normalweight aggregate series from Sneed and Shaw (2013)
OSmooth interface, slate aggregate

1200 0Smooth interface, clay aggregate

ASmooth interface, shale aggregate, S-5-S and A-5-S series from Sheed and Shaw (2013)

1000 -|*+Smooth interface, normalweight aggregate, Shaw and Sneed N-5-S series from Sneed and Shaw (2013)f
—_~

psi

<800 g g Rownened g
S - S

600 ) *

Smooth
400
200
0 T T T T T T
80 90 100 110 120 130 140 150

Concrete unit weight (Ib/ft3)

Figure4.4 Residuakhearstressvyr vs. concreteunit weight forcold joint specimens with
4=0.013

4.2.2.Lightweight Aggregate Material

Three lightweight aggregate materials (expanded shale, expanded slate, and expanded clay) were
included in this study. This section examines the effect of lightweight aggregate natdtial

shear transfer strength of specimens with a cold joint inerfaeghtweight aggregate material

was not varied for specimens with a monolithic interface condisorthe monolithic interface
condition is not included in this sectijn

In Figure 43, thepeakshear stresv, is plotted versus concrete unit weight for the specimens with

r =0.013 and a cold joint interfaceidiinction is maintained between specimens with different
interface conditions and different lightweight aggregaié® concrete compressive strength for

each series isominally the samé & 5 0 0 Q The data are supplemented with data from the N

5, S5, and A5 seriedrom the first phase of this studgported by Sneeahd Shaw (2013which

had a reinforcement ratio =0.013 expanded shale lightwdig aggregates from the same
producer, and the same nominal compressive strength of concrete as the specimens in the present
study. Trendlines are also plotted for each lightweight aggregate material and including data for
the normalweight concrete specimsdrom the N5 series by Sneeghd Shaw (2013)

For the roughened interface condition, the trendlindsigure 4.3show an increase in the shear
strength with increasing unit weigfdr concretes with each lightweight aggregate mateinal
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general, shear strength values for the expanded clay aggregate specimens were slightly lower than
those of specimens with expanded shale and expanded slate.

For the smooth interface condition, the trendlines have a slightly negative Ampmted in

Section 4.2.1 the values of shear strength are not normalized, and the compressive (and tensile)
strength of the different concretes has some slight variations, which may explain the negative
slope. In generalhe trendlines for the specimens with a smamihd joint interface condition

show that specimens with the same concrete compressive strength had nearly freakanear

stress vy (approximately800 psi) irrespective of concrete unit weight (concrete typed
lightweight aggregate materidlhis suggests that aggregate material does not play a role in the
sheartransfer strength across a smooth interface, where the shear transfer may be attributed to
cohesion and dowel action of the reinforcement.

4.2.3.Shear Interface Preparation
Specimensused toevaluae the influence of shear interface preparationlude those with a
monolithic and normonolithic (cold joint) interface.

4.2.3.1 Monolithic Interface

Specimens with a monolithic interface were either uncracked ecrpoied prior to testinglo
examine the influence of interface preparatigmgcemens with the same reinforcement ragie (
0.013) same concrete type (unit weight), and same lightweight aggregate nmatecaimpasd
The concrete compressive strength for each semesigmallythe samef(c85000 psi) Figure 41
shows that the average values of peak shear stréssspecimens with enonolithicuncracked
interface areslightly larger than those with enonolithic pre-crackedinterface for the same
concrete compressive strenglightweight aggregate material, and unit wejghhich suggests
that the precracking of the interface has a slight influence on the peak shear €tnett®e other
hand,Figure 42 shows that the average valuesr@didualshear stressg, for specimens with a
pre-crackedinterface areslightly larger than those withnauncrackedinterface for the same
concrete compressive strength, lightweight aggregate material, and unit weight.

Table 4.1summarizesand comparethe average peak shetnressvy avgand average residual shear
stress/uravgfor the monolithicuncracked and prerackedspecimerseriesn this studyValues of
Vu,avg for theuncrackedspecimens were 1.06 to 1.09 times those of the correspgm@Hegacked
specimensValues vur,avg for the uncrackedspecimens wer®.78 to 0.97times those of the
corresponding preracked specimens

Table4.1 Effect of Monolithic Interface Preparation on the Peak Shear StnesResidual
Shear Stres®r Specimens with = 0.013

Average Peak Shear Stresg, avg Average Residual Shear StreSé,avg
(psi) | (psi) |

Specimen Series | Interface Preparation Ratio Interface Preparation Ratio
P Uncracked P Uncracked

re- Uncracked | /Pre- re- Uncracked | /Pre-

Cracked cracked Cracked cracked

N-MO-XX-13 1192 1269 1.06 1011 823 0.81

S-SH-MO-XX-13 1035 1132 1.09 830 801 0.97

A-SH-MO-XX-13 998 1056 1.06 906 707 0.78
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It is possible that the procedure used tegexk the monolithic specimens induces some residual
effects that may influence the results. As noted in Section 2lffdrent researchetsaveused
different methods tinduce a crack in monolithic specimefor example, Figure 4.5 shows
schematic obne such method that involves applying a lio&d (this method was used in this
study). This method induces force components parallel and perpendicular to the shedihglane
residual effects of this procedure have not been studied.

Applied
Force Pre-cracking Tool
Shear Specimen
Resultant Resultant
Force Force

g

Figure4.5 Applying aline loadduring pre-cracking

4.2.3.2Cold Joint Interface

Specimens with aold joint interface were either troweled smooth or roughened to average
amplitude of 1/4 in. T@xamine the influence olfie interfacereparationspecimens constructed
using the sameoncrete typeg(unit weight), samelightweight aggregatenateria] and same
reinforcement ratioy(= 0.013) are compad The concrete compressive strength for each series
is nominally the samef ¢&5000 psi)

As expected, Figure 4.3 shows that the average valuesfof specimens with a roughened
interface are larger thahose with a smooth interface for the same concrete compressive strength,
lightweight aggregate material, and unit weight. The increase in shear strength for specimens with
a roughened interface is attributed to increased surface interaction resatmghé irregular

profile and the separation (dilation) that must be achieved to overcome the interlock of the shear
interface.

Table 42 compaestheaverage peak shear strésisthe cold joint interface specimens studied in

this project.The data areupplemented with data from theS5Sand A5 seriedrom the first phase

of this studyreported by Sneednd Shaw (2013)which had a reinforcement ratro=0.013
expanded shale lightweight aggregates, and the same nominal compressive strength of concrete as
the specimens in the present stuldlyall cases, specimens with roughened interface achieved a
higher peak shear force than the specimens with smooth c#erfhdis phenomenon can be
explained on basis of aggregate interlock. The specimens with smooth interface rely solely on
cohesion and dowel action before cracking along the shear plane and reaching their peak applied
shear force. For the smooth specimérese is no contribution from interlocking of one roughened
interface with the other. Once the initial crack has been formed, the smoothness of the interface
allows for easier relative motion of the plan®&alues ofvavg for the roughened interface
specimens were 1.15 to 1.48 times those of the corresponding smooth interface specimens.
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Table4.2 Effect of Cold Joint Interface Preparation on the Peak Shear Stré$esidual Shear
Stresdor Specimens witlp = 0.013

Average Peak Shear Stres@,aig | Average Residual Shear Stresé,avg
: (psi) (psi)
S%eecrlir;lse " [nterface Preparation Ratio Interface Preparation Ratio
Roughened S h | Rouahened Roughened
Smooth | Roughened| / Smooth moo ougnened; smooth
SSL-C}
XX-13 891 1238 1.39 700 735 1.06
A-SL-C}
XX-13 774 944 122 671 645 0.96
SCL-C}
XX-13 822 986 1.20 600 651 1.09
A-CL-C}
XX-13 750 865 115 501 534 1.07
S5t 757 1117 148 610 603 0.99
A-5! 813 1030 1.27 727 800 1.10

1Specimens from Sneed and Sh2013)

From the cracking stress valuesin Table3.12 it can also be seen thiatgeneralthe cracking

stress is lower for smooth interface specimens than corresponding roughened interface specimens.
It should also be noted that the smooth specimaws smaller interface surface area compared to

the roughened interface specimens, where the 1/4 in. grooves used to roughen the surface add to
the surface area. This increase in area increases the area over which cohesion is acting, and
therefore increasdabe cracking stress.

Figure 4.4 andrable 42 showthat the residual sheatressfor the sandightweight and aH
lightweight concrete specimens is roughly the same regardless of the interface prefiaeation
ratios are close to 1).0Therefore the interface preparation does not appear to influence the residual
shearstress ospecimens with a cold joint interface.

4.2.4.Reinforcement Ratio

Within this study, four reinforcement ratipsveretested(0.009,0.013,0.017, and 0.022n two

series of santightweight concrete specimens wittcald jointinterface conditiongeriesS-SL-

CJ and SCL-CJ). These reinforcement ratiosorrespond to the use of 2, 3, 4, or 5 douémed

No. 3 stirrups across the shear plane, which hatemofAc: = 49.5 irf. This section summarizes

the effect of varied reinforcement ratios on shear transfer strength of the specimens in this study.
To isolate this parameter, specimens with the same aggregate materials and interface condition
were compeed.The concrete compressive strength for each senesigmally the same 85000

psi).

The peakshear stresv, of the sandightweight concrete specimens in this study with different
reinforcement ratios are plotted vergugin Figure 46. The data are supplemented with thB S
seriesfrom the first phase of this studby Sneed and Shaw (2013) with the same expanded shale
aggregate and nominal compressive strength of concrete as the specimens in the present study.
Distinction is maintainedbetween different lightweight aggregates and interface condition.
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Specimens that failed in splitting are identified in the figure. For each smooth interface series
plotted, Figure 4.5 shows an increase in shear strength with incrgagingor the rougéned
interface specimens in Figure 4.5, there is also an increase in shear strength with ingggasing
yet the shear strength values level off at high valugsyiifter approximately 1200 psi). As
mentioned previously, all four clay aggregate shgbtweight specimens witf=0.022, as well

as the two clay sanightweight roughened specimens wjth0.017, failed due to splitting rather

than shear. For the specimens with slate aggregate and a roughened interfaéealBgsAows

that the shear ngth values tend to level off at the largest valugsybfAgain, these specimens
exhibited some small flexure and splitting cracks, but the main mechanism of failure was shear
along the shear plane. This figure also shows the recurring trend ofrig® \8gth a roughened
interface condition (solid markers in the figure) having larger values of shear stwertgn
corresponding specimens with a smooth interface condition (hollow markers in the figure).

1600
1400 Fa|I.e(.j in
- splitting
- - _—
1200 = s E; 7
‘ /
1000 [ 2 8 O
g 800 5 -
>3 B A
600
O
B Roughened interface, slate aggregate
400 ®Roughened interface, clay aggregate |
A Roughened interface, shale aggregate, S-5-R series from Sneed and Shaw (2013)
200 | OSmooth interface, slate aggregate H
OSmooth interface, clay aggregate
0 ASmooth |nterface shale aggregate S-5- S series from Sneed and Shaw (2013)
T

0 200 400 600 800 1000 1200 1400 1600 1800 2000
pf, (psi)

Figure4.6 Comparison of shear strengihversug ffor sandlightweight concrete specimens
with different interface conditions

Residual shear stress is analyzed in Figure 4in a similar manner. Residual shear stress is
defined in this study as the stress corresponding to a slip of 0.15 in. Figahews a plot of the
residual shear stress versus reinforcement ratio, along with associated trendlines.

As previouslydiscussed, all specimens in this program were tested under displacement control
until one of the following conditions occurred: a target slip of 0.3 in. was reached, or the applied
load dropped to 60% of the peak capacity. In several instances, treddpptl dropped to 60%

of the peak capacity before the slip reached 0.15 in. This occurred for the following specimens:
SCL-CJR-9-1, SCL-CJR-9-2, SCL-C}S-17-1, SSL-CIR-9-2, SSL-CIR-13-1, SSL-CIR-

17-1, SSL-CJR-17-2, and SSL-CJ}S-17-1. For hese eight specimens, the residual shear stress
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was estimated as the applied shear stress at the last recorded value of slip, which happened to lie
between 0.10 in. and 0.14 in. This was considered to be a valid range of slip for reggrding
because itepresents the initiation of the plateau in which applied shear stress remains constant as
slip continues to increase. For two specimerSLSCIR-22-1 and SSL-CJR-22-2, the residual

shear stress was not recorded due to the low levels of final recin@€d.08 in. or less). Thus,
valuesof vir for these specimens are not shown in Figure #he trendlines in FigureZindicate

that overall, an increase in residual shear strength is associated with an increase in re@nforcem
ratio.

900

800 o ' ﬁ
700 \

600

Failed in

500 @ splitting

Vyr (psi)

400

300

B Roughened interface, slate aggregate
® Roughened interface, clay aggregate
100 OSmooth interface, slate aggregate
O Smooth interface, clay aggregate

200

0 0.004 0.008 0.012 0.016 0.02 0.024
Reinforcement ratio }

Figure4.7 Residual shear strengthr versus reinforcement ratjofor each series

4.3.COMPARISON TO DESIGN PROVISIONS

This section assesshow well the results of this study rcelate tocurrent sheafriction design
provisions Section 4.1 summarizes the equations and limits used for this andigsisthe
current editions ofhe PCI Design HandboqR010 andthe ACI 318code(2014) Section 4.2
compaesthe test results to desigmovisions in terms of the effective coefficient of frictiemn In

Section 4.3, results of the specimens in this study are compared to design provisions in terms of
nominal shear strengi (or va = Vn/Ac).

4.3.1.Shearfriction Design Provisions

This section describes the equations and limits used in the comparison of test results to current
editions of the PCI Design Handbo¢R010 andthe ACI 318code (2014) The sheafriction
provisions of these codes/specifications are thoroughly desanb&ection 2.3. Tables 3.
through 45 summarizehe code/specification limits faf, (or Vi), as well as recommended values

for €, €, andax
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Table4.3 Limits for Applied Shear of Shedriction Elements

PCI Design Handbook ACl 318-14
Case (2010) Max Vn = Vy/t
Max Vu=t ¥ NWC Other
1 0.3 tAGO 1848 0 (48%20%;? -
< +0.
2 025 tAQ0 1880 < 1600\ 0.2 B\
- <800A
3 0.2 tAGO &0 0.% O\
4 0.20 A0 &0 <800Ac

Table4.4 PCIl and ACI Recommended Values foandawith Respect to Concrete Type and
Crack Interface Condition

Factor Normalweight Sandlightweight All -Lightweight
Smooth Rough Smooth Rough Smooth Rough

€ 0.60 1.00 0.51 0.85 0.45 0.75
& 1.00 1.00 0.85 0.85 0.75 0.75

Table4.5 PClDesign Handbook2010 and ACI318 Codg2014) Sheafriction Design

Coefficients
. PCI 7th Edition | ACI 318-14
Case Crack Interface Condition
€ Max €e >

1 Concrete to concrete, cast monolithically 1.4 3.4 1.4
5 Concrete to hardened concrete, with roughene 1,05 29 105

surface
3 _Concr.ete placed against hardened concrete ng 0.6 N/A 0.6

intentionally roughened
4 Concreteo steel 0.7 N/A 0.7

4.3.1.1PCI Design Handbook 7' Edition (2010

The 7" Edition of the PCI Design Handbook contains a major change from the previous edition in
that €e is no longerconsideredapplicable forcrackinterface conditionCases 3 and 4: smooth
interface and concrete to steel, respectivéhstead, shediiction design for these two cases is
governed by Equatio®32g as explained in Section 2.3.1.2.

W
%0CY

(PCI Design Handbook!7ed. 5329

When the tem Vi is substituted fo¥,/ ‘tandVn/Ac is then replaced wittw, with § used in place
of Avi/Acr, Equation5-32acan be rearranged as shown in Equatidn Equation 41 can also be
expressed in terms efas shown in EquationZ.
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VEEENe: (4.1)

0]
"0 (4.2

For cases where load reversal does not occur, and the interface is either monolithic or roughened
(Cases 1 or 2), Equatidn32bmay be used to design the amount of reinforcement crossing the
shear plane perpendicularly

w
%0CY

(PCI Design Handbook!7ed. 5-32h)

The value foke in Equation5-32bis computed using Equati@i33:

%@ T TLAT
(’p(b—= (PCI Design Handbook!7ed. 5-33)
When the ternV, is substituted fo¥,/ ‘andVn/Ac is then replaced witk, with § used in place
of Avt/Acr, Equation$-32band5-33 can be rearranged and combined as shown in Equa8ion 4.

O o@qg Q" 4.3
Also, as done before, EquatiéfB2bcan be solved fa@e as shown in Equation4t.

0]
0 4.9

The provisions of the'7Edition of the PCI Design Handbook restrict the design vallgtofa
maximum of 60 ksi as discussed in Section 2.3.1.2. Maximum valu&4 &oe listed in Table
4.3 for all interface conditions, Cases4] values fore and e maxare listed in Table 8; and

corresponding values feranda-are summarized in Tabledfor all concrete types and interface
conditions.

4.3.1.2ACI 318-14

The design equations in ACI 3118 do not include an effective coefficient of friction. Ratlzer,
similar shea#friction design approacks used as for the smooth interface and concrete to steel
conditions in the * Edition of the PCI Handbook. The namai shear strengtt, is calculated
according to Equatiof2.9.4.2

w ‘07Q (ACI1 31814 22.9.4.2

When the ternVn/Acr is replaced wittvi, with } used in place oAv/Acr, Equation22.9.4.2can be
rearranged as shown in Equasicehl and 42 in Section 43.1.1
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The provisions oACI 31814 restrict the design value &fto a maximum of 60 ksi as discussed
in Section 2.3.2. Maximum values 1@x are listed in Table 8.for all interface conditions, Cases
1-4; values fore are listed in Tald 45; and corresponding values foandaare summarized in
Table 44 for all concrete types and interface conditions.

4.3.2.Shear Strength

Figures4.8 49, and 4.0 compare thepeak shear stres vy of the sandightweight and aH
lightweight concrete specimens with Equatih (mapproach) an@Equation4.3 (m-approach)
andthe design provisions in thBCl Design Handbook2010 and ACI 318 code(2014)for a
monolithic interface conditiomoughened interface condition, and smooth interface condition,
respectively In comparisons with Equatiert.1 and 4.3he strength reduction factémwas taken

as 1.0 since the loads and material properties were known. For a monolithic interfacergonditio
Equatiors 4.1 and 4.3arelimited to 800 psi in the ACI 318 codend to 1000 psi in the PCI
Design Handbooks shown in Table &. For a roughened interface condition (¥4 in. amplitude)
corresponding to Case Bquatiors 4.1 and 4.3arelimited to 800 gi in the ACI 318 code and to
1000 psi in the PCI Design Handbook. For an interface that is not intentionally roughened,
corresponding to Case 3, Equatth is limited to 800 psi in the ACI 318 code and to806i in

the PCI Design HandboofEquation 43 is not applicable for Case 3 interface conditiofrs)
Figures 4.14, 4.15, and 4. ¥alues of/ were taken as 0.85 and 0.75 for séigttweight and aH
lightweight concrete, respectively. Valuesfpivere the measured values. Specimens that failed
in splitting are identified in the figures.

Figure 4.8 shows that the measured shear strength of eachligahdleight and aHightweight
concrete specimen with a monolithic interface condifi@ase 1 inTable 45) is larger than the
value computed usingquation4.1 (rmapproach¥or boththe ACI 318 cod€2014)and the PCI
Design Handbook2010. Similarly, Figure 4.9shows that the measured shear strength of each
sandlightweight and allightweight speimen with a roughened interfa¢€ase 2 in Table 4)5
was larger than the value computeddmyuation4.1 (mapproach¥or boththe ACI 318 code and
the PCI Design Handbook. Figu#el0 shows that the measured shear strength of each sand
lightweight and dHightweight specimen with a smooth interfd€@ase 3 in Table 4)5vas larger
thanthe value computed by Equatiori4mapproach¥or both the ACI 318 code and the PCI
Design Handbook. Therefore timeapproactsheasfriction design provisions in the ACI 318 code
and the PCI Design Handbodér Case 1, 2, and 3 interface conditions in Tablg are
conservative for the sadghtweight and allightweight specimens in this study, even using the
measured values &f. (If the maximum specified value of 60,000 psi fplare used instead, the
points shift slightly to the left in each graph, which would yield even more conservausre
with respect to Equation 4.6These results are significant since they are among thénfitise
literature that can be used to validate, with physical test data;fsician design provisions for
sandlightweight and aHlightweight concrete with a nemonolithic interface condition.

With regard to them -approach in the PCI Design Handkpbigure4.8 shows that the measured
shear strength of each salightweight and alightweight concrete specimen with a monolithic
interface conditior(Case 1 in Table 4)5s larger than the value computed using Equadiéh
Equation 4.3 g-approach)Similarly, Figure 4.9shows that the measured shear strength of each
sandlightweight and allightweight specimen with a roughened interf§Case 2 in Table B)

was larger than the value computedaayation 4.3 fz-approachjromthe PCI Design Handlod.
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Again, hese results are significant since they are among the first in the literature that can be used
to validate, with physical test data, sh@@tion design provisions for sarijhtweight and aH
lightweight concrete with a nemonolithic interace condition.
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1000 | $
= Equi“f’;;“ PCI Design Handbook limit (850 psi)
gSOO i\J=085 \\",’, — - |
= : ACI 318-14 limit (800 psi)
Equation 4.3
u=1.4A
A =085 + SLWC, monolithic
interface
0 500 1000 1500 2000
pf, (psi)
(a)
1600
1400
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1000 Equation 4.3

é 800 =075 P ACI 318-14 limit (800 psi)
=
= \ Py PCI Design Handbook limit (750 psi)

Equation 4.1
400 U=1.4
A=0.75
200 | ® ALWC, monolithic
interface
0
0 500 1000 1500 2000
pf, (psi)
(b)

Figure4.8 Comparison opeakshear stresvy with Equatiord.1 (/mapproachipnd Equation 4.3
(m-approach¥or specimens with a monolithisncracked or prerackednterfacea) sand
lightweight concrete specimeb3all-lightweight concretspecimens
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4.3.3.Effective Coefficient of Friction, €¢
This section compares the fAeffectived coeffic
strengthVy (or w) calculated using Equation3} denoteqles; to the value ofie computed using



61

PCI Equation 833 for use in PCI Equation-82bfor specimens with different interface conditions
(monolithic uncracked, monolithic piacked, and cold joint roughened) and different concrete
types (normalweight, sadajhtweight, and aHightweight). As mentioned above, PCI Equation
5-32b is not aplicable to cold joint smooth interface conditions, and therefore PCI EquaB88n 5
is also not applicable for the cold joint smooth interface case.

{ — (4.5)

h

As discussed in Section 4.3.1uk,computed using PCI Equati®&i33 for use in PCI Equation-5
32b is a function oWn=Vu/ for va=vyu/ }, so its value is not constant. Valuespek: are also
compared with theoefficient of frictionp specified by the PCI Design Handbd@010)and the
ACI 318 codg2014)(both of which have a constant value, see Tableah&)ised in PCI Equation
5-32a and ACI Equation 22.9.4.2, respectively

In this evaluation,uest is computed with Equation.® using the actual yield stress of the
reinforcementy, andnot limited to 60,000 psi per the PCI Design Handb@aR10)and the ACI

318 codg2014) It should be noted that this comparison is different than that in Section 5, which
limits the value ofy to 60,000 psiThe value ofu.e computed using PCI Equatior33 is plotted
againstvn considering/n=Vy/ ‘wheret =1.0, andvh=Vn/Acr. The maximum values off, e, and

Vn specified by the PCI Design Handboakd ACI 318 codare also indicated in the graphs.
Because the maximum value @f is a function of the concrete typeprmalweight, sand
lightweight, and alightweight concrete specimens are presented separately.

4.3.3.1Normalweight Concrete

Figure 411 plots the values qfestassociated withr, for thenormalweight concrete specimens for
the monolithic uncracked, monolithprecracked, and roughened interface conditions. Figure
4.11 shows that PCI Equation-3b (where pe is computed using PCI Equation33) is
conservative(all values ofpiest plottedto the right and above the equatidaj the monolithic
uncrackedand precrackedspecimens. PCl Equation3b is alsoconservative for the roughened
interface conditionsSince the coefficient of frictionu is the lower bound of the effective
coefficient of frictionple, Figure 411 shows the value qf specified by te PCI Design Handbook
and the ACI 318 codis conservative with respect to thest results for each concrete type and
interface condition when the limit for the maximum shear stress is also congjfiabde 4.3).
(Note thatthe value ol maxvaries wit f cdor the ACI 318 code (2014) provisions. For reference,
Vn,ma=880 psifor concrete withf 85000 psi and thus the values pfestare conservative in this
case)
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Figure4.11 Effective coefficient of frictiorpe for normalweight concrete specimens with a a)
monolithic uncracked, b) monolithic pogacked, c) roughened, and d) smooth intefa

4.3.3.2Sandlightweight Concrete
Figure 4.2 plots the values qiestassociated withy for thesandlightweight concrete specimens.

Specimens that failed in splitting are identified in the graphs/alues ofpiestfor the monolithic
uncracked monolithic precracked, and roughened interfacepecimenswere conservative
compared to PCI Equation®b. Since the coefficient of frictiop is the lower bound of the
effective coefficient of frictionue, Figure4.12shows the value ofu specified by tke PCI Design
Handbook and the ACI 318 coegenerally conservative with respect to tibxst results for each
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concrete type and interface condition, when the limit for the maximum shear stress is also
consideredTable 4.3).

| —PCIEq.5-32b - PCIEq.5-32a = -ACIEq.22942
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Figure4.12 Effective coefficient of frictionue for sandlightweight concrete specimens with a a)
monolithic uncracked, b) monolithic pogacked, c) roughened, and d) smooth interface

4.3.3.3All -lightweight Concrete
Figure4.13shows the value qftstfor theall-lightweight concrete specimens. All valusfSuitest

for the monolithic uncrackeanonolithic precracked and roughened interfacpecimes were
conservative compared to PCl EquatioBZh. Since the coefficient of frictioq is the lower
bound of the effective coefficient of frictiqr, Figure4.13 shows the value ofu specified by the
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PCI Design Handbook and the ACI 318 caslgenerally conservative with respect to thst
results for each concrete type and interface condition, when the limit for the maximum shear stress

is also considere(lade 4.3).
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Figure4.13 Effective coefficient of frictionue for all-lightweight concrete specimens with a a)
monolithic uncracked, b) monolithic poeacked, c) roughened, and d) smooth interface

4.3.4.Lightweight Modification Factor, /
For the coefficienof friction mapproach, PCI Design Handbook (2010) EquaB@2aandACI

318 code (2014) Equation 22.9.42 used along with the appropriate value of the coefficient of

friction mfrom Table 45. F o r

t he

i

concrete placed

agai nst
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roughenedo condi t5b),onstake a®s6e in tBe ACh318Tcade (2@f) ard.

PCI Design HandbookQ10 provisionsl n Ma t2004 stukly¢thss value ofrmwas validated
against experimental data that included normalweight concrete pushoff specimens with a smooth
interface that were dier precracked or had a broken borctcordingly, these test results should
represent a lower bound condition of the skiemmsfer strengtiHowever, no experimental data

were usedto compare thiscoefficient of friction for lightweight aggregate con@®tMattock

pointed out that the shear strength of these specimens were equal to the shear yield strength of the
reinforcement perpendicular to the interface (hence the coefficient th6time Case 3 interface
condition), and that trusheasfriction cannot be developed in the absence of interfacial roughness.
Given this reasoning, however, it is not clear why the lightweight modification facteas
included in the ACI 318 code or PCI Design Handbpabkvisions especially in the absence of

test data o lightweight concretes with a smooth interface condition.

To further examine this issue, Figure4icbmpares the shear strengthof the sandightweight

and altlightweight concrete specimens with a smooth interface condition with Eqa@dand

4.13) but with/ taken as 1.0, that is, no influence of concrete type. Data are supplemented with
test results osandlightweight and aHightweight concrete cold joint smooth interfagecimens

from Shaw and Sned@013) Results in Figre 4.14 illustrate that the measured shear strengths
were larger than values withtaken as 1.0pr the sandightweight and aHightweight specimens

with a smooth interface. These results and the reasoning above question the need for the
lightweight modification fator / in the friction coefficient in the Casdrerface condition, which

is also supported by the results showrrigure 4.3 Thus, results of this study suggest that the
coefficient of frictionmcan be taken as 0.6 (not as/Q.6or concrete placed against hardened
concrete not intentionally roughened in #ieasfriction provisions inthe ACI 318 code the PCI
Design Handbook

1600
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Figure4.14 Comparison opeakshear stresvy with Equatiord.1, with /=1.0, for sand
lightweight and allightweight concrete specimens with a smooth interface
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4.4, CONCLUDING REMARKS

This sectionanalyzel theresults of the experiment®nduded in this studyTest results othe52
pushoffspecimengresented in Section 3 were combined with those from the first phase of this
study (Sneed and Shaw 2018)investigate the applicability of th&heasfriction concept for
lightweight aggregate concretes with different lightweight aggregates and diffeteriace
conditions on the shear interface. These resultsfilelp gaps in the literature with respect to
sandlightweight and allightweight concretes and interfaces of concretes cast at different times,
that is, cold joint conditionsAnalysis of he results led to the following conclusions

1.

The shear strength of specimens with the same reinforcement rafdd13) and a
monolithic uncracked or preracked interfacencreased with increasing unit weight. The
shear strength of cold joint specimemih an intentionally roughened interface increased

as the unit weight of concrete increased. The shear strength of cold joint specimens with
smooth interface appeared to be independent of type or unit weight of concrete.

The shear strength of specimemith the same reinforcement ratio=0.013)and a cold

joint roughened interface was higher than the shear strength of corresponding cold joint
smooth interface specimens with the same lightweight aggregate material.

The sandightweight concrete specimemghieved a higher shear strength than the all
lightweight concrete specimens with the same lightweight aggregate material and
reinforcement ratio fomonolithic and roughenddterface conditions.

A pre-existing crack reduced the shear strength of namgight, sandightweight, and aH
lightweight concrete specimens relative to the corresponding uncracked monolithic
specimens.

The shear strength of specimens with a roughened interface appeared to be influenced by
the type of lightweight aggregate mastriThe shear strength of lightweight concretes
made with expanded slate aggregate was higher than the shear strength of lightweight
concretes made with expanded clay aggregate for roughened interface specimens. The
shear strength of specimens with a srhowmtterface appeared to be independent of
lightweight aggregate material.

Six of the sandightweight specimens with clay aggregate and a high reinforcement ratio
(r =0.017 or 0.022¥ailed due to concrete splitting prior to shear failure, which was
attributed to the low tensile strength of concrete.

The shear strength of the sdightweight specimens with clay and slate aggregates
increased with increasing reinforcement paramegiehowever, particularly for specimens

with a roughened interface, theesin strength values leveled off afsgproximatelyrfy =

1200 psi.

Shear strengths computed by th€l 318 code(2014) (22.9.4.2)and the PCI Design
Handbook (2014}5-32a) using the coefficient of frictiomapproachwere conservative

for the sandightweight and aHlightweight monolithic andtold joint specimens in this
study. In other wordshe use of/ in ACI Equation 22.9.2 and PCI Equation-82a
provided conservative designs for all lightweight aggregates includbd study.

Shear strengths computed by B¥@l Design Handbook (2014)-32a) using the effective
coefficient of friction m-approachwere conservative fohe sandightweight and ak
lightweight monolithic and cold joint specimens in this study. In other wirdsise of

in PCI Equation 82b provided conservative designs for all lightweight aggregates
included in this study.



67

5. EVALUATION OF PCI DESIGN HANDBOOK AND ACI 318 CODE SHEAR-
FRICTION DESIGN PROVISIONS

5.1.INTRODUCTION

This sectionexpands on the work in Section 4 of this report presents an ufp-date database

of sheatfriction test results collected from thieerature and examines the resuitderms of the
effective coefficient of friction|{e) and coefficient of friction|{) approaches in theCl Design
Handbook2010) and the ACI 318 code (2014} this stage,he databases limited to pushoff
specimens subjected to monotonic loadingaitdout external normal force$he evaluation in

this section is aimed at providing a global and comprehensive comparisB&lobDesign
Handbook (2010) and ACI 318 code (2014) sHeaation design provisions with physical test
data, examiningotential evisions to the design provisions, and identifying gaps in the literature
where future work is needed.

This section is written as a staabbne section to facilitate publication and future work.
Background information is presented in Section 5.2. Thabaat is described in Section arl

is presented in Append. Section 5.4ummarizeghe analysis of the database. Discussion is
provided in Section 5.5, and concluding remarkspaesentedn Section 5.6.

5.2.BACKGROUND

Since the introduction of the effective coefficient of frictiogapproach to the PCI Design
Handbook(1978) several studies have been published that expand the database of test results that
can be used to compare and validate sheasfriction design povisions. Thesheasfriction

concept has been studied extensively by others, especially for normalweight concrete with various
reinforcement ratios, compressive strengths, and interface conditions. Recent studies have focused
on the use of higlstrengthconcretege.g., Mattock 2001; Kahn and Mitchell 2002; Manstial.

2008), lightweight aggregate concretés.g., Sneed and Shaw 2018pd nomrmonolithic (cold

joint) interface conditiongKahn and Mitchell 2002; Harries et al. 2012; Sneed and Shaw.2013)

As discussed in Section 2 of this repdine current PCI Design HandbodR010 includes two
approaches fothe design fosheasfriction. The first approach, which has existed since tie 2
edition of the handboofd 978) uses the effective coeffamt of friction/to compute the required
area of shear reinforcemeft across the shear plane due to factored shearVarce

8

(PCI Design Handbook" ed.5-32b)

n

wherefy is the yield stress of reinforcement, which has an upper limit of 60,000 psi. In the current
edition of the PCI Design Handbo(®010, m s calculated using Equation33:

¢ — (PCI Design Handbook" ed.5-33)

in which 7 is the strength reduction factor (0.75 for sheAg),s the area of the shear plane, amd

is the coefficient of friction, which is intended to account for friction between the surfaces of the
crack interface. The value ofis a function of the crack inteda condition and the concrete type
(normalweight, santightweight, or alllightweight) as summarized in Talid. The modification
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factor/ for concrete type is intended to account for different mechanical properties of lightweight
aggregate concrete ative to normalweight concrete of the same compressive strength. The value
of / is taken as 1.0 for normalweight concrete, 0.75 felightweight concrete, and may be taken

as 0.85 for santightweight concret€2010. Upper limits on the effective cdefient of friction

m are summarized in Tabkl. Upper limits on the shear strength/7, included in Tablé.1,

are also specified by the PCI Design Handb@i.0, which are intended to account for the value

at which the shear planeaserreinforced and the shear transfer strength increases with increasing
reinforcement ratios at a reduced r@¢attock 2001)

Table5.1 Shearfriction Coefficients and Maximum Shear StrengilPCl DesignrHandbook
(2010) and ACI 31&ode (2014) Shedfriction Design Provisions

PCI Design Handbook(2010 ACI 318 Code(2014)
Case Crack Interface :
Condition e Maxleum Maximum Vu/ t Maximum Vn
Concrete to concrete, ca N For normalweight
L monolithically 1.4o 3.4 0. 3B "1080 | norete: 0.2A: O
(480 + 0.08§)A: O
Concrete to hardened . 1600A;
2 concrete, with roughene( 1.Ce- 29 0. 285 '10Q00
surface For all other cases:
0.2f,AcO 890
Concrete placed agains
3 hardened concrete not| 0.6e NA 0. 2HAFF '8 0,0 & .
intentionally roughened 0.2f.AcO 8900
4 Concrete to steel 0.7e NA 0. 285 '8 0,0 &

Substitutingvy /7 for the nominal shear strengih, PCI Equations2b and 533 can be rewritten
as Equatiorb.1:

0 o@c " (5.1)

wherer is the reinforcement ratio; = Avt/Acr, Acr is the area of the shear plane, ame Vi /Acr.

PCI Equatiorb-32bcan be expressed in termsmfassociated with the nomingthear stresg, as
shown in Equatio®.2:

S— (5.2)

The second approach to determining the required areshedfriction reinforcement was

introduced in the ¥ edition of thePCI Design Handbook(010 in which the effective coefficient

of friction min Equation 532b is replaced with the coefficient of frictiam This approach, given

in Equation 532a of the PCI Design Handbo@®010), is applicable for all four crack interface
conditions in Tabl®.1. Values of the coefficient of frictiomare inclued in Tables.1.

o) —  (PCI Design Handbook"7ed.5-32a)
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PCI Equation 82a is consistent with the ACI 318 cq@©14) although the limits on the shear
strength are different. The ACI 318 ca@®14)approach is given in Equation.924.2:

© ‘6 0 (AC| 3181422.9.4.2)

PCI Equatiorb-32a andACI Equation22.9.4.2can be expressed in terms of nominal shear stress
Vn as shown in Equatios.3 (with Vi=Vy /f, va= VnlAc, andr = Avt/Acr):

— (5.3)

5.3.DATABASE

The literature was surveyed to collect published test data on direct shear transfer of concrete to
concrete (Cases-3d in Table5.1). Works evaluated were limited to those published in English.
Various test configurations have been used to evasiega¥friction, depending on the objective

of the particular research study. For the purpose of direct comparison sedthien only the
classical pushoff specimefidofbeck et al. 1969; Mattock 1976; Mattock et al. 1976; Kahn and
Mitchell 2002; Harries et a012; Hoff 1993; Mansur et al 2008)thout an external force normal

to the shear plane were includ@dhe external force normal to the shear plane criterion excluded
studies conducted by Walraven and Reinhftfi81), Papanicolau and Triantafilloi2002) and
Echegaray et a(2014).0ther types of test specimens that were not included in this database were
inclined pushoff specimens or those that had inclined reinforcement across the interface such as
the specimens in studies conducted by Vangsirirunngfa®71) Mattock and Hawking1972)
Dulacska(1972) Mattock(1974) and Hawkins and Kuchma (200A)so excluded were pulloff

type specimens such as those studied by Chattgrggd) and Mattock and Hawkingl972)

corbel type specimens with moment aedsion across the interface such as those studied by
Mattock et al(1975) wall footing type specimens such as those studied by Basg¥1&9)and
Valluvan et al(1999) and beanslab connections such as those by Saemann and \(1&7

Ilvey andButh (1967) Loov and Patnaik1994) and Gohner(2000; 2003) Horizontal pushoff
specimens studied by Hans@®60)and Paulay et a(1974)were not included in this database.

The database in theectionis limited to specimens subjected to monotoniding; specimens

that were cyclically loaded or specimens with sustained loading were not included. The criteria
excluded specimens in the studies by Fr€t885)and Valluvan et a[1999).(The database may

be expanded to include other conditions agrauwork.)

The resulting database presentedppendixB of this reporsummarizes the reference, specimen

ID from the original reference, compressive strength of condrgishear interface are,
reinforcement ratio, reinforcement yield strengfy, clamping stressfy imites, peak shear force

Vies; and peak shear stregs:for each specimen. Compressive strength of conted@sethe value
reported at the test date. For cold joint specimens with different concrete strengths on edch side o
the interface, the lower compressive strength is reported. Reinforcementisatimmputed a8y

/Acr, WwhereAvt is the area of reinforcement crossing the shear planécaisdthe area of the shear
interface. Only specimens with reinforcing bars of size No. 3 {linddar size) or 8 mm diameter

(SI bar size) and larger were included in this datalfase.the reported yield strength of the
reinforcing bars, while clampindressrfy imitediS cOmputed considering the limitation on the value
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of fy of 60,000 psper the PCI Design Handbook (2010) and ACI 318 code (20%H)le most
researchers report the peak shear force using the notgtitre peak shear force in the dmae

is denoteVestin this sectionn order to avoid confusion between it and the ultimate (factored)
design shear force, which is also denddedn the PCI Design Handbook (2010) and ACI 318

code (2014)esign provisions. The peak shear stregsis defined asd/est/Acr. The tables are
organized by interface condition, which is given amaete to concrete cast monolithically
(referred to in this pdableBl),aoncreti@ nmooconerete tabti ¢ ur
monolithically and precrackedpr i or to testing (referred to i
cr ac Kable 82), concrete to hardened concrete with roughened suffaterred to in this

paper as 0Acol dTagledB)nor concrete gaces mgaidsd hardened concrete not
intentionally roughenefl r ef erred t o i n t hi sTabted4s4.eWithimeschiic ol d
table, specimens are grouped in terms of concrete type. Concrete type is given as normalweight,
sandlightweight, or alllightweight, where each type is desaged by its aggregate composition.

For the purpose of this database, the unit weight of concrete and aggregate source are not included,
since most studies did not report these values.

The database incleg 302 specimens from 9 studies (Hofbetcal. 1969; Mattock 1976; Mattock

et al. 1976; Kahn and Mitchell 2002; Harries et al. 2012; Hoff 1993; Mansur et al 2008; Sneed and
Shaw 2013; present studygigure 5.1 shows the data distribution in terms of concrete type,
interface condition, comprdasse strength of concretecfreinforcement ratia- clamping stress
rfyiimites, @and area of shear interfadg. Additional discussion of data distribution is included in

the following sections.

5.4.ANALYSIS OF DATABASE

5.4.1.Shear Strength

This section compasethe measured shear strenytks to the calculated shear strengthuc
computed using the PCI Equatior38b (m-approach) PCl Equation 82a (rmapproach)and

ACI 318 Equation 22.9.4.2mapproach)for specimens with different interface conditions
(monolithic uncracked, monolithic preracked, cold joint roughened, and cold joint smooth) and
different concrete types (normalweight, sdigihtweight, and aHightweight). Since PCI
Equation 532b (pe approach)is not applicable forsheasfriction design of Case 3 interface
conditions (Table 1), it is not compared for cold joint smooth interface specimens. In this
evaluation, lhe shear strengMaic is computed usingy,imies, COrresponding to the actual reported
yield stress of the reinforcemefy but not taken more than 60,0@3i per the PCI Design
Handbook (2010and the ACI 318 cod@014) The ratioViest/Vcalcis reported in Tablea.1, A.2,

A.3, and A.4for each test specimen and each of the three design equations (where applicable).
Additionally, the mean (Avg), standard deviation (STD), coefficient of variation (COV), and
maximum (Max) and minimum (Min) values ®est/Vcac are reported in Tables.1, A2, A.3,

and A4 for each group of specimens with the same interface conditiotoaccete type.
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Concrete Type
stwss (I Acwso
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Figure5.1 Distribution of data in terms of in terms of concrete type, interface condition,
compressive strength of concrétgdreinforcement ratio, clamping stressfy imites, and area of
shear interfacéc

5.4.1.1Normalweight Concrete

Figure 5.2 shows the ratio/est /Vcac for the normalweight concrete specimens. Monolithic
uncracked interface specimens are shown in the first row, monolithicrgcked interface
specimens are shown in the second row, cold joint roughened interface are shown in the third row,
andcold joint smooth interface specimens are shown in the fourth row. The graphs on the left of
Figure5.2 plot Viest/Vcaic Versus the compressive strength of condrefhe graphs on the right

of Figure5.2 plot Viest/Vcaic Versus the clamping stres§ imites, Wherefy imited IS the actual yield

stress of the reinforcement (equal to or less than 60,000 psi). Note that the vertical axis of the
graphs ranges from4.0 for each of the three equations evaluated. For clarity of presentation in
the graps, values oYiest/Vearclarger than 4.0 are not plotted, but they are reportdeeiAppendix

Tables B.1B.4.
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For the monolithic uncracked normalweight concrete tés@@nges from 3840 psi to 17,957 psi,
and rfy imited ranges from 211 psi to 13Psi. All three design provisions produce conservative
values of shear strength (i.®tes{Vcarc larger than 1.0for all specimens for the entire ranges b
andrfyimieatested, and especially for large value$ @PCIl Equation 52b tends tde the most
accurate (i.e., mean value closest t0.1.0)

For the precracked monolithic normalweight concrete specimén&anges from 2385 psi to
16,475 psi, andfy imitearanges from 223 psi to 1570 psi. All three design provisions produce some
Vies{Vealc Values less than 1.0. Figure 2 and Table 2 show th&GbB18 Equation 22.9.4.2, the
values less than 1.0 are associated with specimens made with higher strength concrete, while for
PCI Equation 832a the values less than 1.0 occur for lovuea off c§i.e., less than 4000 psi).

PCI Equation 82b tends to have values less than 1.0 for low value§ @fiee PCI Equation 5

32b tends to be the most accurate

For cold joint roughened normalweight concrete specinfestsgnges from 249%si to 15,218
psi, andrfyimitearanges from 226 psi to 1576 psi. All three design provisions pradunservative
values of shear strength for all specimens for the entire ranges@wfd rfy,iimited tested.PCI
Equation 532b tends to be the mostcacate and PCI Equation-32a and ACI fuation 22.9.4.2
are especially conservative for large valuet 4if

For cold joint smooth normalweight concrete specimepsanges from approximately 4860 psi
to 14,326 psi, andfy,imited ranges from 224 pdo 1498 psi.ACI Equation 22.9.4.2 and PCI
Equation 532aproduce som&tes{Vcaic values less than 1.0 throughout the rangef@imites NO
trends are apparent with respect to compressive strength. Since PCI EquaBbnissnot
applicable for the cold joint smooth condition, it is omitted from the graph.

5.4.1.2Light weight Concrete

Figure 5.3 shows the ratiovtest/Vcac for the combined satlightweight and aHightweight
concrete specimens. Monolithic uncracked interface specimens are shown in the top row,
monolithic precracked interface specimens are shown in the second row, cold joint roughened
interface are shown in the third row, atmld joint smooth interface specimens are shown in the
bottom row. The graphs on the left of Figbt8 plot Viest/Vcaic Versus the compressive strength of
concretd O6The graphs on the right of Figls& plotViest/Veaic Versus the clamping stresf iimited

For sandightweight concrete specimens with a monolithic uncracked interfa@anges from
approximately 3740 psi to 4770 psi, arfgimited ranges from 210 psi to 1368 psi. All three design
equations produce conservative values of skangth for all specimens, afC| Equation 5
32b tends to be the most accurate

For the precracked monolithic sanlightweight concrete specimerfs;@anges from 2000 psi to
11,020 psi, andfy,imited ranges from 218 psi to 1368 psi. (It should be noted that the Mattock et
al.[1969] series C specimens have value$ ghhat are lower than 2500 psi corresponding to the
minimum values for structural concrete in accordance with the PCI Design Han@6d®kand

the ACI 318 Cod€2014) but they are included in Figuke3 for completeness.) All three design
equations produce sonvest/Vcarc values less than 1.0. Figuse8 andTable B2 show that PCI
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Equation 532b tends to have values less tharfdr@w values ofrfyimeedand for the entire range
of f cdested PCI Equation 82b tends to be the most accurate

For cold joint roughened saitightweight concrete specimerfss@anges from 4580 psi to 7200
psi, andrfy jimited ranges from 540 pso 1320 psi. All three design provisions prod¥&:/Veaic
values larger than 1.0 for all specimelR€I Equation 52b tends to be the most accurate

For cold joint smooth sanrkghtweight concrete specimerfis@anges from approximately 4580
psi to 7200 psi, andfy,imited ranges from 540 psi to 1320 pACl Equation 22.9.4.2 and PCI
Equation 532aproduceViest/Vcaic values larger than 1.0 throughout the rangef@imited tested.

For monolithic uncrackedll-lightweight concrete specimeris,danges from approximately 3880
psi to 4700 psi, andfy imited ranges from 230 psi to 1381 psi. Figbt@ shows that all three design
equations produce conservative values of shear strémgatli monolithic uncacked specimens,
andPCI Equation 82b tends to be the most accurate

For precracked monolithic allightweight concrete specimerfs;@anges from 3880 psi to 4700
psi, andrfy imitearanges from approximately 219 psi to 1404 psi. All three desjgatens produce
SOMeViest/Vealc Values less than 1.0. Figus& andTable B2 show that PCI Equation®b tends
to have values less than 1.0 for low valuegfgimites. PCI Equation 532b tends to be the most
accurate

For cold joint roughened alightweight concrete specimerig@anges from approximately 4380
psi to 7843 psi, and alify imited Values are 780 psi. All three design equations protfeéVeaic
values larger than 1.0 for the ranges$ efndrfyimiteatested PCIl Equation 82b tends to be the
most accurate

For cold joint smooth allightweight concrete specimerfs;@anges from 4380 psi to 7843 psi,
and allrfy imited values are 780 psACI Equation 22.9.4.2 and PCI Equatioi3BaproduceViest
IVcacvalues larger than 1.0 for all data, with minimum values equal to or larger than Zobghfor
equations.
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Figure5.2 Ratio of measured shear strength,to the shear strengit.accomputed using PCI Design Handbook Equati
5-32a, and PCI Design Handbook EquatieBZh, and ACI 318 Equation 22.9.4.2 verky@nd} ffor normalweight concrete
specimens with different interface conditions: monolithic anked (first row), monolithic preracked (second row), col
joint roughened (third row), and cold joint smooth (fourth roWe strength reduction factbiis taken as 1.0 in the figures
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Figure 53 Ratio of measured shear strengths\¥o the shear strengthc.;: computed using PCI Design Handbook Equatien
32a, and PCI Design Handbook Equatio8Zh, and ACI 318 Equation 22.9.4.2 versugand} ,ffor lightweight concrete
specimens with different interface conditions: monolithic uncracked (first row), monolithrgcked (second row), cold joir
roughened (third row), and cold joint smooth (fourth roW)e strength reduction factbiis taken as 1.0 in the figures.
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5.4.2 Effective Coefficient of Friction

This section compares t heuesdiassbciated with theendeasarede f f i
shear strengtiest (Or Vies) calculated using Equatidn4 to the value ofte computed using PCI

Equation 533 for speanens with different interface conditions (monolithic uncracked, monolithic
precracked, and cold joint roughened) and different concrete types (normalweight, sand
lightweight, and aHightweight). As mentioned above, PCI EquatioZb is not applicableot

cold joint smooth interface conditions, and therefore PCI Equati&$iS also not applicable for

the cold joint smooth interface case.

t — (54)
In this evaluation,pest IS computed with Equatio®.4 usingthe actual yield stress of the
reinforcement taken equal to or less than 60,000 psi per the PCI Design Ha(ldd)land the

ACI 318 code(2014) fy.imites, for direct comparison with the design provisions. The valye: of
computed using PCI Equation33 is plotted against, consideringvn=Vu/ \‘wheret =1.0, and
Vn=Vn/Acr. The maximum values ofte andvi specified by the PCI Design Handbo@010)are

also indicated in the graphs. Because the maximum valg®h function of the concrete type,
normalweight, sandightweight, and aHightweight concrete specimens are presented separately.

5.4.2.1Normalweight Concrete

Figure 5.4 plots the values pfestassociated witlwest for the normalweight concrete specimens
for the monolithic uncracked, monolithic pceacked, and roughened interface conditions (note
that smooth interface specimens are discussed lé&ection 5.5.8 For the monolithic uncracked
and precracked interface calitions, data from Tables A.1 and A.2 witb@reater than or equal

to 3333 psi are plotted in the figures for consistency with the limite, guotted in the graph
(Table5.1). The only specimens that did not meet this criterion are specimens 2.12aamd?2.
series 5 by Hofbeck et &l.969)in Table B2. For the roughened interface condition, data Wb
greater than or equal to 4000 psi are plotted in the figure for the same reason, which included all
specimens iTable B3 except for series D by Miatck (1976).Figure5.4 shows that PCI Equation
5-33 is conservativdall values ofest plotted to the right and above the equatido)y the
monolithic uncracked specimens. For the monolithicqueeked specimens, there were several
unconservative valgewith respect to PCI Equatior3. PCI Equation83 is conservative for
the roughened interface conditions.

For comparison, the coefficient of frictignspecified by the PCI Design Handbo010)and

the ACI 318 cod€2014)and used in PCI Equatid32a and ACI Equation 22.9.4.2, respectively,

is also plotted in Figur®.4 for the monolithic uncracked, monolithic preacked, and roughened
interface conditions, as well as for tbeld joint smooth interface condition, usinige values in
Table 5.1and including the limitations ow (Table5.1). For the smooth interface condition, data
with f c@reater than or equal to 4000 psi are plotted in the figure, which included all normalweight
concrete specimens ifiable B4. Since the coefficient of fricdn p is the lower bound of the
effective coefficient of frictiorue, Figure5.4 shows the value qf specified by the PCI Design
Handbook(2010)and the ACI 318 cod&014)is generally conservative with respect to test
results for each concrete tyaed interface condition, when the limit for the maximum shear stress
is also considered (with the exception of a few normalweight concrete monolithicagked
specimens and some normalweight concrete specimens with a cold joint smooth interface). This
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can also be observed from Tabkd-A.4 wherePCIl Equation 832aandACI Equation 22.9.4.2
produce values Ofest/Vearc larger than 1.0 for nearly all specimens, with no value being less than
0.84.

5.4.2.2Light weight Concrete

Figure 5.5 plots the values pgstassociated withtestfor thesandlightweight concrete specimens
for the monolithic uncracked, monolithic pceacked, and roughened interface conditions (note
that smooth interface specimens are discussed lagzdtion 5.5.8 Series C by Mattockt al.
(1976)in Table B2 is omitted from the graph because the valuek.afere lower than values
corresponding to the limits ow, plotted in the graphéTable5.1). All values ofpestfor the
monolithic uncracked and the roughened interfaces waservative compared to PCI Equation
5-33. Several of the monolithic preacked specimens, however, were unconservative.

Figure 5.6 shows the value pkstfor the all-lightweight concrete specimens. All valuespaskt

for the monolithic uncracked drthe roughened interfaces were conservative compared to PCI
Equation 533. Values ofiestfor the monolithic preeracked specimens were closely predicted by
PCI Equation 83, however, there were a few unconservative values.

For comparison, the coeffemt of frictionp specified by the PCI Design Handbg@010)and

the ACI 318 cod¢2014)and used in PCI Equation®a and ACI Equation 22.9.4.2, respectively,

is also plotted in Figures.5 and5.6 for the monolithic uncracked, monolithic preacked, and
roughened interface conditions, as well as forctbld jointsmooth interface condition, usirige
values in Table 5.;hnd including the limitations o, (Table 5.1). For the smooth interface
condition, data withf c@reater than or equal to 4000 psi are plotted in the figure, which included
all lightweight concrete specimens Trable B4. Since the coefficient of frictiop is the lower
bound of the effective coefficient of frictign, Figuress.5 and5.6 show the value qi specified

by the PCI Design HandbodR010)and the ACI 318 cod@014)is generally conservative with
respect to theest results for each concrete type and interface condition, when the limit for the
maximum shear stress also considered (with the exception of a few monolithiecpreked
lightweight concrete specimens). This can also be observed from Tallgs4 where PCI
Equation 532aandACI Equation 22.9.4.produce values O¥iest/Vcarc larger than 1.0 fonearly

all specimens, with no value being less than 0.86.
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—PCI Eq. 5-32b
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Figure5.4 Effective coefficient of frictiomquestfor normalweight concrete specimens with)a
monolithic uncrackedy) monolithic precrackedc) roughened, and) smooth interface
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a) Monolithic Uncracked b) Monolithic Precracked

c¢) Cold Joint Roughened d) Cold Joint Smooth

Figure5.5 Effective coefficient of frictionuestfor sandlightweight concrete specimens wiha)
monolithic uncracked, b) monolithic pogacked, c) roughened, and d) smooth interface



