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ABSTRACT

This thesis reports the results of research initiated to evaluate the influence of
lightweight aggregate type and casting procedure on shear transfer across an interface of
concretes cast at different times. The topic of shear transfer has been evaluated and
revisited in recent PCI Design Handbooks. In this test program, a series of cold joint as
well as monolithic specimens are evaluated. The peak shear strength and post peak
behavior are examined. The experimental matrix included 28 push-off specimens that
were either cast monolithically or cast at different times creating the condition referred to
as a cold joint. The variables included lightweight aggregate type (expanded shale,
expanded slate, expanded clay); unit weight (88 — 148 pcf); and shear interface condition
(monolithic uncracked, monolithic pre-cracked, cold joint roughened, cold joint smooth).
A load cell, six DC-LVDTs, and three strain gages were used to monitor the behavior of
each specimen.

Results suggest that the shear strength of monolithic specimens increased with
increasing concrete unit weight. The shear strength of cold joint specimens with an
intentionally roughened interface increased as the concrete unit weight increased. The
shear strength of cold joint specimens with smooth interface was independent of concrete
unit weight. The shear strength was predicted conservatively by the PCI Design
Handbook 7™ Edition and the ACI 318-14 code for all cold joint interface specimens. The
effective coefficient of friction . used by the PCI Design Handbook was found to be
conservative for both sand-lightweight and all-lightweight cold joint specimens
regardless of the type of lightweight aggregate used. This research was sponsored by
Precast/Prestressed Concrete Institute (PCI) and the American Concrete Institute (ACI)
Concrete Research Council (CRC).
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1. INTRODUCTION

1.1. PROBLEM STATEMENT

Lightweight aggregate concretes are being used more widely in the concrete
industry and especially in the precast concrete industry to reduce the cost of shipping by
reducing the weight of concrete elements. Many precast concrete elements, including
connections, are designed based on the shear-friction design provisions. One such
connection is a column corbel, shown in Figure 1.1. Reinforced concrete bearings,
connection of shear walls to foundations, and composite sections implement the shear-
friction design concepts as well. Previous research studies, discussed in Section 2, have
shown that unit weight of concrete, reinforcement ratio, concrete strength, and surface
preparation influence the shear transfer strength. However, little research has actually
been conducted on lightweight aggregate concretes and the influence of the different
lightweight aggregates on the shear transfer strength, especially for concretes cast at
different times (cold joint interface). This topic was identified by the Precast/Prestressed
Concrete Institute (PCI) as an important research topic for the precast concrete industry,
especially since the shear-friction design provisions in the PCI Design Handbook 7"
Edition (2010) and the ACI 318-14 (2014) code were developed based on test data

primarily from experiments with normalweight concrete specimens.
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Figure 1.1 Typical Corbel Design (ACI 318-14)



The lightweight aggregate modification factor, A, is used to account for the effects
of lightweight aggregate concrete in shear design provisions in the PCI Design Handbook
7" Edition and the ACI 318-14 code, and their previous editions. This factor is used to
account for the weaker mechanical properties of lightweight aggregate compared to those
of normalweight aggregates. For shear-friction design, the lightweight aggregate
modification factor is used to calculate the shear-friction design capacity, which is a
function of the coefficient of friction p in ACI 318-14 (Table 22.9.4.2) and the PCI
Design Handbook 7™ Edition (PCI Handbook) and the effective coefficient of friction pe
in the PCI Handbook (Eq. 5-33). The coefficient of friction varies for different crack
interface conditions and concrete type. Both the PCI Handbook and ACI 318-14 code
recognize four crack interface conditions (cases) for defining the shear-friction
coefficient values. These are summarized in Table 1.1. Cases 1, 2, and 3, which refer to
concrete cast monolithically and concretes cast against hardened concrete (also referred
to as a “cold joint™), are of interest in this research study. Cold joint conditions are
common in the precast industry particularly in elements such as corbels or ledges. For
example, it is the practice of many precast facilities to independently cast corbels and
then, at a later time, place them into the plastic concrete of another element, such as a
column.

The PCI Handbook allows using the effective coefficient of friction, [, in
conditions where load reversal does not occur. However, there are limitations on the
effective coefficient of friction. It is only applicable for the monolithic case (Case 1) and
intentionally roughened, cold joint interface (Case 2) in the PCI Handbook. The effective
coefficient of friction does not take into account unit weight of concrete. PCI Handbook
also states that care should be exercised when using self-consolidating concrete (SCC)
due to its fluidity.

As mentioned above, very few test results exist on the shear friction behavior of
lightweight aggregate concretes, and furthermore, the potential influence of the different
lightweight aggregate types has not been investigated. Different types of aggregate can be
used in the production of lightweight concretes. Types commonly used in the U.S.
include expanded shale, expanded slate, and expanded clay aggregates. These aggregates

can have different densities and mechanical properties, which may play a role in the



direct shear transfer. Recent results by Shaw (2013) highlighted the need to study this
variable.

This thesis work investigates the direct shear transfer of lightweight aggregate
concretes with different interface conditions (Cases 1, 2, and 3 in Table 1.1) constructed
with different lightweight aggregate types. Test results obtained from lightweight
aggregate concrete tests are compared to normalweight concrete results with the same
compressive strength and surface preparation. These test results are added to previous

research results to broaden the database of results from lightweight aggregate concretes.

Table 1.1 Recommended Shear-friction Coefficients

Case | Crack interface condition Coefficient of friction - p
1 Concrete to concrete, monolithic 1.4\
2 Concrete to concrete, cold joint — roughened 1.0A
3 Concrete to concrete, cold joint — not intentionally | 0.6
roughened
4 Concrete to steel 0.7

1.2. OBJECTIVES AND SCOPE

The work included in this thesis is part of a larger project sponsored by the
Precast/Prestressed Concrete Institute (PCI) and the American Concrete Institute (ACI)
Concrete Research Council (CRC). The objective of the project was to determine the
effect of using different types of lightweight concrete aggregates on the direct shear
transfer across a shear plane with different interface conditions. A total of 52 specimens
were included, of which 28 pertain to this thesis work. Specimens included in this thesis
had a constant reinforcement ratio. Specimens with varying reinforcement ratios were
also included in the project, but those results are presented in the thesis work by

Samantha Wermager.




Specific objectives of this thesis work were to:

Compare the shear strength of various lightweight aggregate concretes
constructed with different lightweight aggregates.

Evaluate the current shear-friction provisions set forth by the PCI Design
Handbook 7™ Edition and the ACI 318-14 code to determine their applicability to
lightweight aggregate concretes.

Bridge the gap in the literature regarding direct shear transfer strength of
lightweight aggregate concrete cast at different times creating a cold joint
interface.

Examine the current coefficients of friction used in the PCI Design Handbook 7"
Edition and the ACI 318-14 code and their effectiveness for design using

lightweight aggregate concrete.

The scope of this study contained the following tasks to accomplish the objectives

set forth above:

Design, construct, and test a matrix of test specimens where the variables included
unit weight (88 pcf — 148 pcf); lightweight aggregate type (expanded shale,
expanded slate, expanded clay); interface condition (monolithic, cold joint —
roughened, cold joint — smooth).

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

Analyze the effective coefficient of friction . and its applicability for use in the
PCI Design Handbook shear-friction design provisions.

Study the need for the lightweight aggregate modification factor A and
recommend any necessary changes to the shear-friction design provisions in the
PCI Design Handbook 7™ Edition and ACI 318-14 code.

1.3. SUMMARY OF THESIS CONTENT

The problem statement, objectives, and scope of this study are described in the

introductory Section 1. Section 2 follows with a literature review, which is comprised of

a summary of previous research results, as well as current and previous shear-friction



design provisions included in the PCI Design Handbook and the ACI 318 code. Section 2
also provides detailed background information needed to understand the results of this
study. Section 3 is a summary of the experimental work performed, including test
specimen design, size, materials used, and their properties. Results of the experimental
work are also presented in this section. Section 4 provides an analysis and discussion of
the test results. Results from this study are also compared to previous relevant studies
discussed in Section 2. Finally, Section 5 contains the summary of key findings,
conclusions, and recommendations for future work. Included are Appendix A that
contains databases of shear-friction specimens and Appendix B that provides a summary

of residual shear strength of shear-friction specimens.



2. LITERATURE REVIEW

2.1. INTRODUCTION

Shear-friction is an important model in the design of concrete elements where the
typical shear flexure theory does not apply, such as corbels and ledger beams. These
elements generally provide very little redundancy, and therefore their design is critical to
the structural soundness of the entire system. This chapter provides a background on
shear-friction and summarizes design provisions and the conclusions of previous
research. The transfer of shear across an interface is considered in Section 2.2. Design
provisions that were reviewed in this study are presented in Section 2.3. Lastly, previous

studies and a summary of their key findings are discussed in Section 2.4.

2.2. INTERFACE SHEAR-FRICTION

Shear-friction has been studied since the mid-20th century. Shear-friction,
sometimes referred to as aggregate interlock across sliding surfaces, is now a well-
established research area. The shear-friction model was first proposed by Birkeland and
Birkeland (Birkeland and Birkeland, 1966). In cases where shear has to be transferred
across an interface between two structural elements that can slip relative to each other,
shear-friction prevents these elements from sliding relative to each other. Resistance is
achieved by providing reinforcement across the potential crack. Tension develops in the
reinforcement providing a clamping force through which the shear-friction is facilitated.

The original and simplest design model for shear-friction is the model that
neglects the effect of cohesion. This model assumes shear transfer is due entirely to
friction as shown in Figure 2.1. Because the cohesion is neglected, artificially high values
of the coefficient of friction must be used to fit the experimental data (Wight and
MacGregor 2012).

The coefficient of friction is a measure of how difficult it is to slide a material of
one kind over another. The coefficient of friction, p, is defined as the ratio of shear stress
to normal stress. By manipulating this equation and assuming no external clamping force

is provided, Equation 2.1 can be derived:



V, 2.1)
Ayely
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where V, is the shear force, Ayt is the area of reinforcement crossing the shear plane, and
fy is the yield strength of the reinforcement crossing the shear plane. The product Afy is
the clamping force.

One of the fundamental components of the shear-friction model is a surface
roughness. Surface roughness can vary widely due to construction practices, especially in
precast construction. The use of self-consolidating concrete (SCC), for example, can
result in an extremely smooth surface. As noted by Shaw (2013), “the use of self-
consolidating concrete (SCC) can lead to conditions in which projecting elements are cast
against supports elements after the concrete has partially hardened. The result may be a
cold-joint condition with a relatively smooth interface on the SCC concrete face on which
fresh concrete is placed.”

In general, factors influencing the shear strength along the interface are surface
preparation, amount of reinforcement provided, cohesion, shearing strength of aggregate,
dowel action, and compressive strength of concrete. Cohesion is caused by aggregates
bearing onto surfaces of aggregates on the opposite side of the shear plane. Dowel action
involves interaction of the reinforcing bars crossing the shear plane and concrete near the
shear plane. Some models take these factors into account in determining the shear
strength (e.g. AASHTO LRFD Bridge Design Specification 7" Edition).

Because lightweight aggregate concretes generally have reduced mechanical
properties relative to normalweight concrete of the same compressive strength, several
code design provisions account for the use of lightweight aggregates by reducing the
shear strength of the concrete. For shear-friction design, some provisions do so by
reducing the coefficient of friction while others reduce the cohesion.
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Figure 2.1 Shear-friction Model Proposed by Birkeland & Birkeland (1966)

SHEAR FRICTION REINFORCEMENT

2.3. SHEAR-FRICTION DESIGN PROVISIONS

2.3.1. ACI 318 Code. The design method used by the ACI 318-14 code is based
on the simplest shear-friction model using the coefficient of friction . Equation 2.2 (ACI
Eq. 22.9.4.2) is used to compute the nominal shear strength for all crack interface
conditions and where the reinforcement is perpendicular to the shear plane. For the case
of inclined reinforcement, Equation 2.3 (ACI Eq. 22.9.4.3) is used, where a. is the angle
between shear-friction reinforcement and the shear plane as shown in Figure 2.2. This
equation only applies when the reinforcement crossing the shear plane is in tension (as

shown).

V= Avffyu (2.2)

Vi = Aygfy(usina + cosa) (2.3)

In Equations 2.2 and 2.3, the nominal shear strength is a function of the shear
reinforcement area A, the coefficient of friction p, and the yield strength f, of bars
crossing the shear plane. The value of f, shall not exceed 60,000 psi. The coefficient of
friction used in Equations 2.2 and 2.3 is a function of crack interface condition described
in Table 1.1. Upper limits are placed on the nominal shear strength. For the monolithic

and roughened interface cases, V, shall not exceed the smaller of 0.2f’ A,



(480+0.08f’¢)A¢, and 1600A, where A. is the area of the concrete section. For all other
cases, V, shall not exceed 0.2f’ A, or 800A.. If two different concretes are used, the

smaller of the two concrete compressive strengths f’. is to be used.

LAppIied Shear

Shear Friction
Reinforcement

Assumed Crack
and Shear Plane

Figure 2.2 Inclined Shear Reinforcement

2.3.2. PCI Design Handbook 6™ Edition. For shear-friction design, the area of
reinforcement required by the PCI Design Handbook 6™ Edition is shown in Equation 2.4
(PCI Eq. 4.3.6.1). V, is the applied (factored) shear force, @ is the strength reduction
factor equal to 0.75 for shear, fy is the yield stress of reinforcement limited to 60 ksi, and
U IS the so-called effective coefficient of friction evaluated according to Equation 2.5
(PCI Eq. 4.3.6.2) where A is the lightweight concrete reduction factor and p is the
coefficient of friction in accordance with Table 2.1. It should be noticed that e in
Equation 2.5 is a function of A% because p is also a function of A as shown in Table 2.1.
Maximum values of V, and e in Equations 2.4 and 2.5 are limited by the values shown
in Table 2.1.

OV 2.4)
A e
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The effective coefficient of friction p is different than the coefficient of friction y; it was

introduced to be more realistic and to achieve more economical designs.

Table 2.1 Shear-friction Coefficients in the PCI Design Handbook 6™ Edition (2004)

) - Maximum )
Case | Crack interface condition V1 Maximum V=0V,
He
1 Concrete to concrete, monolithic | 1.4) | 3.4 0.302°F cA«<1000 A°Acr
2 Concrete to concrete, cold joint - | 1.0x ) )
2.9 025)\. f’CACI‘SIOOO )\. Acr
roughened
3 Concrete to concrete, cold joint — | 0.6\ ) )
: : 2.2 020)\. f’cAchSOO )\. Acr
not intentionally roughened
4 Concrete to steel 0.7 | 2.4 0.200°F A<800 A*Agr

2.3.3. PCI Design Handbook 7™ Edition. Major changes were made to the
shear-friction design provisions from the 6™ Edition to the 7" Edition of the PCI Design
Handbook. Tanner (Tanner, 2008) pointed out several mathematical anomalies associated
with the calculation of i (discussed further in Section 2.4). This prompted the changes
made to the 7" Edition of the PCI Design Handbook. In addition to Equation 2.4 using
the effective coefficient of friction, [, given in Section 2.3.2, a new equation was
introduced to determine the area of shear reinforcement using the coefficient of friction p
(similar to the ACI 318 approach discussed in Section 2.3.1). These equations are labeled
as Equations 2.6 and 2.8, respectively (PCI Eg. 5-32b and 5-32a, respectively in the PCI
Design Handbook 7™ Edition). The calculation of g, was adjusted by the strength
reduction factor ¢ as shown in Equation 2.7 (PCI Eq. 5-33).
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(2.6)

(2.7)

(2.8)

Another change made to this edition was limiting the use of Equation 2.6 to Cases

1 and 2, that is, the monolithic and roughened interface cases, respectively. Equation 2.6

shall not be used for Cases 3 and 4, that is, smooth interface and concrete to steel

conditions. The values for p in Table 2.2 have been removed. Lastly, it should be noted

that the maximum value of V/¢ is a function of A instead of A2, as it was the case for the

6" edition. Table 2.2 summaries the shear-friction coefficients and maximum values for
the PCI Design handbook 7™ Edition.

Table 2.2 Shear-friction Coefficients in the PCI Design Handbook 7™ Edition (2010)

) . Maximum )
Case | Crack interface condition V1 Maximum V,=V,@
He
1 Concrete to concrete, monolithic | 1.4A | 3.4 0.30Af"cAcr<1000 AA
2 Concrete to concrete, cold joint -
1.0A | 2.9 0.250 cAc<1000 AA
roughened
3 Concrete to concrete, cold joint —
) ) 0.6L | NA 0.20A cAr<800 AA
not intentionally roughened
4 Concrete to steel 0.70 | NA 0.20Af A<800 LA
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2.3.4. AASHTO LRFD Bridge Design Specifications 7" Edition. The main
difference between the shear-friction design provisions in the AASHTO LRFD (2014)
and the ACI and PCI provisions is the incorporation of a cohesion component into the
design equations. This can be seen in calculating the nominal shear resistance of the
interface plane Vy; given by Equation 2.9 (AASHTO Eg. 5.8.4.1-3), where c is the
cohesion factor; A,y is the area of concrete subjected to shear transfer; Ay is the cross-
sectional area of the interface reinforcement; p is the friction factor, fy is the yield stress
of reinforcement limited to 60 ksi; and P, is the permanent net compressive force normal

to the shear plane.
Vi = cAgy, + U(Avffy + F) (2.9)

The nominal shear resistance, Vy;, should not be larger than the lesser of K;f’;A., or
K2Aqy, Where K; is a fraction of concrete strength available to resist interface shear, K is
the limiting interface shear resistance, and A,y is the area of concrete engaged in interface
shear transfer. The values for K; and K, are specified in Table 2.3.

The AASHTO provisions also require a minimum cross-sectional area of interface
reinforcement. This area Ay is a function of the interface area A, and yield strength of
reinforcement fy used as shown in Equation 2.10 (AASHTO Eq. 5.8.4.4-1).

0.05 * Ag, (2.10)
oy 2
fy

While the AASHTO provisions account for the use of lightweight concrete, they
do not differentiate between all-lightweight and sand-lightweight concrete when
determining the coefficient of friction p. This is also true for the cohesion factor. These

factors are summarized in Table 2.3.
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Table 2.3 Summary of AASHTO Cohesion and Friction Factors (2014)

Cohesion Factor o
Interface Condition ] Friction Factor K1, Kz Factors
c (ksi) U
N Iweight te -
ormalweight concrete 0.40 14 K,=0.25
monolithic K2=1.5 ksi
Lightweight concrete —
eI 0.24 1.0 Ki=0.25
monolithic or roughened K>=1.0 ksi
N Iweight te -
ormalweight concrete 0.04 Lo K,=0.25
roughened K2=1.5 ksi
Concrete placed against not
o P ’ 0.075 0.6 Ki=0.2
intentionally roughened concrete K>=0.8 ksi

2.4. PREVIOUS STUDIES

This section summarizes previous studies on shear-friction in concrete related to this
thesis work. These studies influenced the current shear-friction design provisions
discussed in Section 2.3. These studies also helped to serve as the basis for designing the
experiments discussed in Section 3.

2.4.1. Hanson. Research conducted by Hanson (Hanson, 1960) included push-off
specimens as well as precast concrete T-girders to investigate the composite action in
concrete members. Hanson tested 62 push-off specimens and 10 girders. The shear plane
interface condition of the push-off specimens was varied from smooth to rough. The
measured concrete strength varied but was not specifically considered in this study.

Both types of tests reported a maximum shear strength of 500 psi for a rough
bonded surface and 300 psi for a smooth surface. In addition, Hanson proposed that
roughly 175 psi of shear capacity can be added for each percent of shear reinforcement
crossing the shear plane. The push-off specimens showed that the existence of keys used
in combination with a rough interface did not change the strength of the connection.

Results also indicated that the peak shear occurs at a slip of 0.005 in.
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2.4.2. Birkeland and Birkeland. Birkeland and Birkeland (Birkeland and
Birkeland, 1966) studied the application of shear-friction theory in precast concrete
connections. Connections included elements such as corbels, ledger beams, and bearing
shoes. In these types of connections the traditional provisions for shear-flexure and
principal tension analysis are not applicable. The authors defined shear failure as slip
along a crack, not as a tension crack in the usual sense. If shear reinforcement is
provided, it experiences a tensile force providing an external clamping force across the
interface. They described interface roughness as a frictionless series of fine saw tooth
ramps. The authors explained the role of the interface condition based on the principles of
the shear-friction hypothesis.

The authors described the ultimate shear capacity across the interface when

reinforcement reaches its yield point as shown in Eq. 2.11:

Vu=Asfytan(0) (2.11)

where:
As = total cross-sectional area of reinforcing across the interface
fy = yield strength of reinforcing (< 60 ksi)
tan 8 = 1.7 for monolithic concrete
= 1.4 for artificially roughened construction joints
= 0.8 to 1.0 for ordinary construction joints and for concrete to steel interfaces
Equation 2.11 is limited to a maximum reinforcing bar size of No. 6 or 1/2 in.
diameter headed studs, a yield stress f, of less than or equal to 60 ksi, and a concrete
compressive strength f ¢ greater than 4000 psi. The authors required that the
reinforcement be anchored on both sides of the failure plane, in order to develop yield in
steel. The concrete must well confined, providing sufficient amount of hoops. The
authors also suggest subtracting any amount of external tension force from the clamping
force. Lastly, the authors required the interface to be sound and free from any laitance,

sawdust, paint or loose rust.
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2.4.3. Mast. In 1968 Mast (Mast, 1968) studied the shear-friction theory. The
author pointed out that because of fabrication and erection tolerances; there are no two
identical connections. He also pointed out that addition stresses due to creep and
shrinkage must be accounted for. A simple method based on a physical model was
presented for the design of auxiliary reinforcement in concrete connections. Mast
assumed that cracking had occurred in an unfavorable manner rather than trying to
predict its nature. In Mast’s model the shearing force was resisted by virtue of friction
along the crack. The coefficient of friction may be quite high due to roughness of the
surface. This roughness will result in a slight separation (dilation) of the two cracked
pieces of concrete as shown in Figure 2.3. This slight separation can be resisted by
reinforcement normal to the shear plane. The reinforcement experiences tensile stress
which, in turn, provides compressive stress along the crack. The equation presented by
Birkeland and Birkeland (1969) (Eq. 2.11) was capped with an upper limit of 0.15f". tan
(6) where the friction coefficient tan () was expanded as follows:
tan(@) = 1.4 to 1.7 for a crack in monolithic concrete

= 1.4 for a rough interface between precast and cast-in-place concrete

= 1.0 for concrete cast against steel

= 0.7 for concrete against smooth concrete

This model did not include the strength of concrete or the effect of adhesion.

J-nLi-LJ-LLJrir-L-I,#lr

1 -

I EEE

SEPARATION

Figure 2.3 Separation Due to Slip According to Mast (1968)
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2.4.4. Hofbeck, Ibrahim, Mattock. Hofbeck, Ibrahim, and Mattock (Hofbeck et
al., 1969) tested 38 push-off specimens (shown in Figure 2.4) to study shear transfer in
reinforced concrete elements such as in a precast beam and a cast-in-place slab. Some of
the specimens were pre-cracked and some were not. This test set up provided the basis
for push-off specimens of other researchers including Hoff (1993), Mattock (2001), Kahn
and Mitchell (2002), and Shaw (2013).

This study concluded that the shear-friction theory provides conservative values
for shear strength across initially cracked concrete, such as concrete cracked due to
service loads or shrinkage. Their results indicate that if initial cracking is present, the slip
will be greater at all stages of loading then for uncracked specimens. The initial crack
also reduces the ultimate strength by a value of roughly 250 psi. There was no effect of
changing the reinforcement ratio on shear strength. Dowel action did not contribute
significantly to the shear transfer in initially uncracked specimens. However, the data
indicated that there is a considerable contribution due to dowel action in initially cracked

specimens.

‘ v o em F Shrrups
<" 185}
f - | o
R }" el
j2r " ek -!.. I 0,
1 | '.» i | Shenr Fians Ko S, | N
- * \ A . vEE” {2
: \ 3 =t '
e | Mo g 3
Lt ‘
i |
(za) 10" I | [\\
| | O

I r
L -—| — | l'-,l I"' Sectinn in
tion § | | “is-cos!" Fosition
'f_ |

_,Lﬁ_|_ q
swrmber and Sige of Sllerups
R riB-n _—EL Wories | Ses Toble |
_-1—

[Mymibars 0 porentheses ors
mitlireeters |

Figure 2.4 Detail of Push-off Specimen Used by Hofbeck, Ibrahim, Mattock (1969)
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2.4.5. Mattock and Hawkins. Among the factors studied by Mattock and
Hawkins (Mattock and Hawkins, 1972) were characteristics of the shear plane,
characteristics of the reinforcement, concrete strength, and direct stresses acting parallel
and transverse to the shear plane. Three variations of specimens (shown in Figure 2.5)
were tested: standard push-off, pull-off, and push-off specimens with angled
reinforcement. Pre-cracked and uncracked conditions were studied.

The first conclusion of this study verified the previously observed trend that the
shear-friction provisions used at that time were conservative for shear strength in pre-
cracked and uncracked shear planes. The authors also determined that a higher shear
strength than the previously observed 800 psi can be developed with properly designed
reinforcement. It was concluded that direct tension stresses parallel to the shear plane
reduce the shear transfer strength of initially uncracked concrete but do not reduce the
shear transfer strength of initially cracked concrete. Furthermore, the shear transfer
strength of initially cracked concrete with a moderately reinforced shear plane is
primarily due to the frictional resistance to sliding of the two faces of the crack and to the
dowel action of the reinforcement across the crack. However, when large amounts of
reinforcement or a sufficient external clamping force is present, the shear plane can “lock
up”, and the shear transfer strength is developed similarly to that of initially uncracked
concrete. The authors found that for initially cracked concrete, there is an upper limit for
pvfy set by the concrete strength. Below this limit, the relationship between the shear
strength v, and pyfy is independent of concrete compressive strength. On the other hand,
above this limit of p,fy, the shear strength increases at much slower rate for lower
strength concrete and is equal to that of similarly reinforced, initially uncracked concrete.

Mattock and Hawkins also proposed an equation, given in Eq. 2.12, that accounts
for the effect of cohesion. The value of 200 in Eq. 2.12 accounts for the cohesion across
the interface, and this term is referred to as asperity shear. The term o refers to

externally applied direct stress acting across the shear plane.

vu= 200 + 0.8(pv fy+ onx) (2.12)
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Figure 2.5 From Left: Push-off, Pull-off, and Modified Pull-off Specimens Used by
Mattock and Hawkins (1972)

2.4.6. Mattock. Mattock (Mattock, 1974) studied the shear transfer across a plane
with an inclined and orthogonal array of reinforcement. Twenty-three push-off specimens
were tested, and about 15 of those were pre-cracked. Specimens were made out of 4000
psi concrete and No. 3 reinforcing steel bars with the actual yield point of approximately
50 ksi. The experimental work focused on single direction loading only.

Mattock concluded that the shear transfer behavior hypothesis for both initially
cracked and uncracked concrete with reinforcement normal to the shear plane can be
extended to orthogonal reinforcement or the parallel reinforcement inclined at any angle
to the shear plane, if the component of the bar forces parallel to the shear plane is also
taken into account in calculating shear resistance.

It was discovered that for a given normal spacing of reinforcing bars, the
maximum ultimate shear transfer stress occurs when bars are inclined at roughly 110
degrees to the shear plane. However, Mattock*s calculations yield that for constant bar

spacing and varied angle, the highest shear stress was achieved at angle of 135 degrees.
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2.4.7. Mattock, Johal, Chow. The study by Mattock, Johal, and Chow (Mattock
et al., 1975) examined the effect of normal force and moment in the shear plane on single
direction shear transfer strength. Two types of specimens were tested: typical push-off
specimens and corbel type push-off specimens shown in Figure 2.6. The target
compressive strength of concrete was 4000 psi, and the yield strength of reinforcement
was reported as 53 Kksi.

It was concluded that simultaneous action of moment that is less than or equal to
the flexural ultimate strength of the cracked section does not reduce the shear strength
across the shear plane. To effectively transfer shear and moment across the plane, the
reinforcement should be located in flexural tension zone. The authors suggested that it is
appropriate to add the normal stress from the bending moment, o, to the reinforcement
parameter pfy when calculating shear transfer strength. It was also found that tension
across the shear plane reduces the shear transfer strength equal to a reduction of shear
reinforcement parameter pfy, due to tensile stress. This study also found that equations
proposed by Birkeland (Eg. 2.13) and Mattock (Eq. 2.14) to be both applicable and

economical.

o= 535 o, @19

Vi = 400 + 0.8pf,>0.3f, (2.14)

where vy is the nominal ultimate shear strength in psi, fy is the yield stress of
reinforcement, p is defined as the ratio of area of shear-friction reinforcement to the area

of shear plane, and f'¢ is the compressive strength of concrete.
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Figure 2.6 Corbel Type Push-off Specimen (left), Typical Push-off Specimen (right)

2.4.8. Mattock, Li, Wang. Mattock, Li, and Wang studied the effects of
lightweight aggregate on the shear-transfer strength. Push-off specimens with a shear
plane area of 50 in” were used for this research. The types of aggregates used were
natural gravel and sand, rounded lightweight aggregate, crushed angular lightweight
aggregate, and sand-lightweight aggregate. It was a common practice in 1960’s and
1970’s to pretreat (coat) the lightweight aggregate with a “waterproofing” chemical to
prevent excessive bleeding and to reduce the amount of shrinkage, and so some of the
lightweight aggregate was coated. The type of lightweight aggregate was not specified.
Concrete compressive strength ranged from 2500 psi to 6000 psi.

On the basis of this study the authors concluded that the shear-transfer strength of
lightweight aggregate is less than that of normalweight concrete of the same compressive
strength. The coating of lightweight aggregate did not significantly affect the shear
transfer strength. The authors suggested a multiplier to be used with the ACI 318-71
shear-friction provisions to account for the influence of lightweight aggregate on the

shear strength. This multiplier had a value of 0.75 for all-lightweight (>92 pcf) and 0.85
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for sand-lightweight concrete (>105 pcf). Two equations for shear strength were

provided. The sand-lightweight equation is given in Eq. 2.15:

vu=0.8p fy+250psi < 0.2f:or 1000psi (2.15)

where vy is the ultimate shear stress, p is the shear-friction reinforcement ratio but not to
be taken less than 200 psi, fy is defined as the yield stress of the reinforcing bars crossing
the shear plane, and f’. is taken to be the compressive strength of concrete.

The all-lightweight concrete equation is given in Eq. 2.16:

vu=0.8p fy+200psi < 0.2f.or 800psi (2.16)

2.4.9. Shaikh. Shaikh (Shaikh, 1978) addressed the conservatism of the shear-
friction concept relative to the research data provided before 1978. Shaikh proposed
revisions to equations for the PCI Design Manual. His research focused on both
normalweight and lightweight concretes. Another test variable was the interface
condition of the shear plane. The shear reinforcement normal to the plane can be
calculated by Eq. 2.17:

M (2.17)
A”_¢Ew

where Ay is the area of reinforcement crossing the shear plane, fy is the yield stress of
reinforcement, and V,, is the ultimate shear stress.

The term p, is the effective coefficient of friction calculated using Equation 2.18:

_1000C2u (2.18)
He = v
In Eq. 2.18, Cs is a constant used to account for the effect of concrete density (1.0 for

normalweight, 0.85 for sand-lightweight, 0.75 for all-lightweight concrete). Shaikh proposed

values for the coefficient of friction p for lightweight concrete that ranged from 0.4 for cold
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joint smooth interface to 1.4 for monolithic concrete. This equation was based on previous
studies by Birkeland (1968), Mattock (1974), and Raths (1977). Shaikh proposed limits for
shear-friction coefficient p and maximum shear stress values, vy, for various interface
conditions. These proposed values and limits are similar to those implemented by the ACI
318 code (2011 and 2014) and the PCI Design Handbook (2004 and 2010). The proposed

values are summarized in Table 2.4.

Table 2.4 Shear-friction Coefficients, u, and Maximum Shear Stress Values, vy, as
Proposed by Shaikh

Crack Interface Condition Recommended p Max(lrr)r;?)m v
te t t {
Concrg e_ 0 concrete, cas 14 0.30f".C2 < 1200C%
monolithically
tetoh
Concrete to hardened 1.0 0.25f".C2 < 1000C%
concrete, 1/4 in. roughness
Concretg to concrete, 04 0.15f".C2 < 600C2
smooth interface
Concrete to steel 0.6 0.20f’.C% < 800C°;

2.4.10. Hsu, Mau, Chen. This study focuses on initially uncracked push-off
specimens. Hsu, Mau, and Chen (Hsu et al., 1987) identified a critical zone in the vicinity
of a shear plane where a uniform stress distribution is assumed after the formation of the
crack. A truss model is used to establish their theory that incorporates a softened
compression stress-strain relation along the concrete struts. A key finding of their
research was the realization that not only does the reinforcement crossing the shear plane
effect the strength but also the parallel reinforcement contributes to shear transfer
strength. The conclusion of this research was that the ACI 318 Code shear-friction
provisions may not be conservative based on this truss model due to small amounts of
reinforcement parallel to the shear plane in design compared to heavily reinforced test

specimens.
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2.4.11. Loov and Patnaik. The study by Loov and Patnaik (Loov and Patnaik,
1994) focused on 16 composite concrete beams to develop a more consistent limit of
shear strength, vy, by replacing the five equations provided by the ACI 318 Code to
prescribe the limiting horizontal shear stress for different amount of reinforcing steel with
one parabolic equation. This parabolic equation was derived by modifying the equation
presented in the PCI Design Handbook. This new equation combines the effect of
concrete strength and clamping force. The horizontal shear strength of composite beams

without stirrups was approximated as:

v, = 0.6\/15f", (psi) (2.19)

where v, is the ultimate shear strength of an interface without stirrups, and f’; is the
compressive strength of concrete.

The authors suggested a general equation to provide a continuous curve as given in
Eqg. 2.20:

= I [(15 + o) < 0257, (psD) (2:20)

where v, is the nominal shear strength, f’; is the compressive strength of concrete, py is the
steel ratio of shear-friction reinforcement, and f, is the specified yield strength of
reinforcement.

With k=0.6, Equation 2.20 provides good lower bound for range of concrete compressive
strength from 2500 psi to 7000 psi. For higher clamping forces the additive term (15 psi)
becomes negligible. This general equation is applicable to both all-lightweight and sand-
lightweight concrete and results in designs with less stirrup reinforcing for concrete
strengths higher than 4350 psi compared to designs that used the ACI 318-92 equations.
The authors concluded that elastic analysis using cracked transform section properties
appears to be the easiest and most practical way of estimating the horizontal shear stress.
It was discovered that an as-cast concrete surface with aggregate protruding from the

surface can alone develop sufficient horizontal shear resistance. Similarly, it was
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concluded that slip and stirrup stresses are insignificant until beams reached a horizontal
shear stress of 220 psi to 290 psi.

2.4.12. Mattock. Shear transfer behavior of high strength normalweight concrete
of cracked and uncracked interface was examined in Mattock’s study (Mattock, 2001).
The problem at hand was that the ACI 318-99 code used the simple shear-friction theory
that did not allow to take full advantage of high-strength concrete properties. Interface
condition was also considered in this study. Non-monolithic roughened and smooth
specimens were examined. A lower bound shear transfer condition was achieved by pre-
cracking of the interface. Simple equations were set forth for shear-friction design that
allow the full potential shear transfer strength of all compressive strengths of concrete to

be utilized.

2.4.13. Kahn and Mitchell. Kahn and Mitchell (Kahn and Mitchell, 2002)
conducted experiments on 50 push-off specimens with a shear plane area of 60 in. The
goal was to expand the applicability of shear-friction provisions to high-strength
normalweight concrete. Concrete strengths varied from 6800 psi to 17900 psi with
reinforcement ratio variation from 0.37% to 1.47%. Interface condition was also varied;
uncracked, initially pre-cracked, and cold joint. The load was applied concentrically to
the shear plane. The load was applied continuously until a slip of 1/4 in. was achieved.
Initial cracking was observed at 50% to 75% of the ultimate load. In case of the slip
governing the test, the ultimate load was defined as the load resulting in slip of 0.2 in. It
was concluded that the ACI 318-99 code shear-friction provisions provide a conservative
estimate for the interface-shear strength for high-strength concrete. The equation
proposed in Eq. 2.20 included a frictional coefficient u=1.4 and a cohesion component
0.05 f’¢. This equation predicted the results more closely compared to previous

provisions.

vn=0.05f"c+ 1.4pv fy < 0.2f"c (psi) (2.20)

where vy is the nominal shear stress, f¢ is the concrete compressive strength, py is the

shear-friction reinforcement ratio, and fy is the yield stress of reinforcement.
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It was recommended that the upper limit of 800 psi be eliminated and replaced with 20
percent of the compressive strength of concrete at 28 days. It was also recommended that
the value of fy be limited to 60 ksi in order to limit the slip along smooth cracks.

2.4.14. Tanner. The work conducted by Tanner (Tanner, 2008) examined the
evolution of formulas used in calculating the effective coefficient of friction i in the PCI
Design Handbook. The author pointed out the inconsistencies in calculating the effective
coefficient of friction in the 4™, 5™ and 6" Editions of the PCI Design Handbook. Tanner
showed that the 6™ Edition was based on the factored shear demand (V) instead of
nominal shear strength (V,). This change was inconsistent with the original test data used
for the development of the equation. He pointed out that the ¢ factor and the load factor
further exaggerate this problem. Tanner also showed that there is misunderstanding in the
lightweight modification factor A. He showed that in the PCI Design Handbook 6™
Edition, the calculation for . (the effective coefficient of friction) is not clearly defined
with respect to A. The previous edition calculates pe using a single A term on pages 4-55
and 4-62 of the handbook, while on page 4-36 it is calculated using the A term.

2.4.15. Scott. Scott (Scott, 2010) tested 36 push-off specimens (shown in Figure
2.7) to determine if the AASHTO LRFD Specification (4™ Edition) equations accurately
predict the horizontal shear strength of precast concrete girders and cast-in-place concrete
decks for normalweight and lightweight concrete (expanded slate manufactured by Stalite
Lightweight Aggregate). The test variables were concrete unit weight used for the
girder/slab combination and the amount of shear reinforcement provided across the

interface.
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Figure 2.7 Details of Specimens used by Scott (Scott, 2010)

The results from the push-off specimens indicated that the AASHTO LRFD
design equations conservatively predict interface horizontal shear strength. The
lightweight concrete predictions were more conservative than the normalweight concrete
predictions. The average post-cracking strength was higher for normalweight specimens
than lightweight concrete specimens. Specimens without horizontal shear reinforcement
had a slightly higher post-cracking interface strength when lightweight concrete was
used. It was validated that the yield strength of reinforcement crossing the shear plane
should be used in calculation of the shear strength. As the amount of shear reinforcement
increased, the ratio of the tested horizontal shear strength to the AASHTO LRFD
calculated strength decreased. This trend was more dominant in lightweight concrete
specimens.

2.4.16. Shaw. Shaw (Shaw, 2013) examined the influence of concrete unit weight
on the direct shear transfer across an interface of concretes cast at different times. He
tested 36 push-off specimens with a cold joint interface cast using expanded shale
aggregate provided by Buildex. The test variables were unit weight of concrete,
compressive strength of concrete, and interface preparation (i.e., intentionally roughened
or smooth). Reinforcement ratio was held constant for this study.

Shaw concluded that the unit weight of concrete did not play a significant role in
the interface shear strength for cold joint specimens. He determined that the ACI 318-11
and PCI Design Handbook (2011) provisions using p are conservative for both sand-
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lightweight and all-lightweight concrete specimens. He also determined that values of
in the PCI Design Handbook are conservative for both roughened and smooth cold joint
interface conditions. Shaw also concluded that A, the lightweight modification factor used
in calculation for the effective coefficient of friction |, was conservative for sand-
lightweight and all-lightweight concrete specimens.

It was concluded that specimens with same interface condition and concrete
compressive strength had similar shear strength, v, regardless of concrete unit weight.
The shear strength of specimens with smooth interface depended on concrete
compressive strength. This was not true for roughened specimens, where increasing the
compressive strength increased the shear transfer strength. Residual shear strength was
insensitive to the variables tested: concrete type, compressive strength, and interface

condition.
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3. EXPERIMENTAL PROGRAM

3.1. INTRODUCTION

This section describes the experimental program and includes materials used,
specimen design, specimen assembly, test setup, and test results. Test 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 plane. Analysis and discussion

of results are presented in Section 4 of this thesis.

3.2. SPECIMEN DESIGN

Specimens were designed similar to previous research studies to allow the direct
comparison of test results. A total of 28 push-off type specimens were constructed in the
portion of the experimental program presented in this thesis. This allowed the
investigation of direct shear transfer of different types of concrete with different interface
conditions. Specimen designation notation is explained in Figure 3.1. The test variables
included lightweight aggregate type (expanded shale, expanded slate, or expanded clay),
concrete type (normalweight, sand-lightweight, or all-lightweight), casting procedure
(monolithic or cold joint), and interface condition (uncracked, pre-cracked, roughened, or
smooth). The test matrix is summarized in Table 3.1. The normalweight concrete and
shale lightweight aggregate concrete specimens were cast monolithically. The pre-
cracking condition is described in Section 3.5.3. These specimens were then either pre-
cracked prior to testing or left uncracked. The slate and clay lightweight aggregate
specimens were constructed of sand-lightweight or all-lightweight concrete and had a
cold joint interface that was either roughened or smooth. All specimens had the same
target compressive strength of concrete (5000 psi) and the same reinforcement ratio
(0.013).



Casting Procedure:
MO —Monolithic
CJ— Cold Joint

Lightweight Aggregate Type:
CL —Expanded Clay

SL — Expanded Slate

SH —Expanded Shale

Interface Condition:
U — Uncracked

P —Pre-cracked

S —Smooth

R — Roughened

Concrete Type: \ /
N — Normalweight e ACLCIR-1
S —Sand-lightweight
A— All-lightweight /
L//

lor2

Number of Specimen in Series:

Figure 3.1 Specimen Designation Notation

Table 3.1 Test Matrix
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Concrete I)‘A'\ghww'%ht Casting Procedure and Series Reinforcement| Number of
Type g_?_;epgea € Condition Designation Ratio Specimens
. Monolithic — Uncracked N-MO-U 0.013 2
Normaiweight N/A Monolithic — Pre-cracked N-MO-P 0.013 2
Shale Monolithic — Uncracked | S-SH-MO-U 0.013 2
Monolithic — Pre-cracked | S-SH-MO-P 0.013 2
Sand- Ske Cold Joint — Roughened S-SL-CJ-R 0.013 2
Lightweight Cold Joint — Smooth S-SL-CJ-S 0.013 2
Clay Cold Joint — Roughened | S-CL-CJ-R 0.013 2
Cold Joint — Smooth S-CL-CJ-S 0.013 2
Shale Monolithic — Uncracked | A-SH-MO-U 0.013 2
Monolithic — Pre-cracked | A-SH-MO-P 0.013 2
All- Shte Cold Joint — Roughened | A-SL-CJ-R 0.013 2
Lightweight Cold Joint — Smooth A-SL-CJ-S 0.013 2
Clay Cold Joint — Roughened | A-CL-CJ-R 0.013 2
Cold Joint — Smooth A-CL-CJ-S 0.013 2
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3.3. MATERIALS

The main materials used for this research were concrete and reinforcing steel.
Concrete types used were: normalweight concrete, sand-lightweight concrete, and all-
lightweight concrete. Aggregates 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 summarized in Section 3.3.2. Lastly, information about the reinforcing
steel used in this study is presented in Section 3.3.3.

3.3.1. Aggregates. This section discusses the aggregates used in this research.

3.3.1.1 Normalweight aggregates. Normalweight aggregates were used to cast
concrete with a unit weight in range of 145 to 150 pcf. The coarse aggregate used was
crushed dolomite from the Jefferson City formation readily available in Missouri. Natural
river sand was used as fines. The coarse aggregate 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.

3.3.1.2 Lightweight aggregates. Expanded shale, expanded slate, and expanded
clay were used for the lightweight concrete mixtures. Expanded shale was produced by
Buildex in New Market, Missouri. Expanded slate was manufactured by STALITE in
Gold Hill, North Carolina. Expanded clay was produced by Big River Industries in
Livingston, Alabama. Figure 3.2 shows a photo of the expanded shale, expanded slate,
and expanded clay aggregates from left to right. Aggregates used for the sand-lightweight
concrete are shown in the top row of the figure. The expanded shale provided was pre-
mixed (blend of coarse and fine aggregates produced by Buildex) in the case of aggregate
used to achieve the all-lightweight concrete (bottom left). Expanded slate and clay
provided were separated into coarse and fine aggregates. A sieve analysis was performed
on the expanded slate and expanded clay aggregates, and a mixture of coarse and fine
aggregates was designed such that the resulting gradation would be similar to that of the
pre-mixed expanded shale aggregate. These gradations are discussed in the following

sections.
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Figure 3.2 From Left to Right: Expanded Shale, Expanded Slate, Expanded Clay. Coarse
Aggregates Top Row, Fine Aggregates Bottom Row

3.3.1.2.1 Expanded shale aggregates. The expanded shale coarse aggregate

gradation used in the production of the sand-lightweight concrete mixture was 3/8 in. x
No. 8 sieve. The all-lightweight aggregate gradation was 3/8 in. x No. 0. These
gradations are summarized in Table 3.2. The expanded shale aggregate had a density of
44 pcf for the 3/8 in. to No. 8 gradation and 54 pcf for the 3/8 in. to No. 0 gradation. Bulk
specific gravity provided by the manufacturer was 1.30 for the 3/8 in. to No. 8 gradation
and 1.45 for the 3/8 in. to No. 0 gradation.



Table 3.2 Expanded Shale Aggregate Gradations (Buildex)

Sieve Percent Retained Percent Passing
Designation | Gradation | Specification® | Gradation | Specification®
o 1/2 in. 0 0 100 100
S$5s 3/8 in. 1 0-20 99 80-100
x 3 No. 4 82 60-95 18 5-40
© o No. 8 99 80-100 1 0-20
™ No. 16 99 90-100 1 0-10
1/2in. 0 0 100 100
o 3/8in. 0 0-10 100 90-100
S S No. 4 13 10-35 87 65-90
E E No. 8 49 35-65 51 35-65
£S No. 16 67 - 33 -
®0 No. 30 79 - 21 -
No. 50 86 75-90 14 10-25
No. 100 93 85-95 7 5-15
TASTM C330
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3.3.1.2.2 Expanded clay aggregates. The expanded clay coarse aggregate had a

gradation shown in Table 3.3. The fine aggregate gradation is shown in Table 3.4. For the

sand-lightweight concrete mixture, only the coarse aggregate was used. For the all-

lightweight concrete mixture, a mixture consisting of 55% of coarse aggregate by weight

and 45% of fine aggregate by weight was used so that it was similar to the expanded

shale pre-mixed gradation. The expanded clay aggregate was the lightest of the

aggregates used in this research. In fact, it was observed that some of the saturated clay

aggregate floated in water. The loose bulk density of the expanded clay coarse aggregate
was 33 Ib/ft> and 40 Ib/ft® for the expanded clay fine aggregate (ASTM C29-2009). These

properties are summarized in Table 3.5.
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Table 3.3 Expanded Clay Coarse Aggregate Gradation (Big River Industries)

Sieve Percent
Designation Passing
Y in. 100
3/8in. 99.9
No. 4 41.8
No. 8 7.9

No. 16 2.0

No. 50 11

No. 100 0.9

No. 200 0.7

Table 3.4 Expanded Clay Fine Aggregate Gradation (Big River Industries)

Sieve Designation

Percent Retained Each Sieve

Percent Range Suggested*

3/8in. 0 0-2

No. 4 0 0-10
No. 8 9.2 15-35
No. 16 21.5 15-35
No. 30 23.4 5-20
No. 50 15.7 5-15
No. 100 10.6 5-15
Pan 19.4 8-20

IASTM C330
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Table 3.5 Properties of Expanded Clay Aggregate (Big River Industries)

Bulk Density — Specific Gravity — Specific Gravity —
Expanded Clay 3 L )

Loose (Ib/ft”) SSD oD
Coarse Aggregate 33 1.03 1.01
Fine Aggregate 40 1.42 0.98

' SSD — Saturated Surface Dry

20D - Oven Dry

3.3.1.2.3 Expanded slate aggregates. The expanded slate coarse and fine

aggregates had gradations shown in Table 3.6. 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. The bulk loose densities of the expanded shale coarse and fine aggregate
were 52 Ib/ft® and 60 Ib/ft3, respectively (ASTM C29-2009). Values of the dry specific

gravity of the expanded shale coarse and fine aggregates were 1.54 and 1.69,

respectively.

. MS16 Fines
3/8in. (#4-0)
Sieve Percent Percent
Designation | Passing Passing
1/2 in 100 100
3/8in 80-100 100
No. 4 5-40 97-100
No. 8 0-20 89-100
No. 16 0-10 46-66
No. 30 - 28-41
No. 50 - 17-25
No. 100 - 8-16

Table 3.6 Expanded Slate Gradations (STALITE)
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3.3.1.2.4 Lightweight aggregate saturation procedure. Lightweight aggregates

are 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 saturate lightweight
aggregates prior to batching. It is usually most desirable to bring the aggregate to
saturated surface dry condition (SSD). This, however, is difficult to achieve 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 uniform saturation in this experimental work, a
saturation tank was created by cutting off the top of a 1000 Ibs liquid storage tank with a
valve near the bottom. A strainer was used to catch any particles larger than 1/16 in. by
gluing a piece of metal mesh over the valve opening. The tank is shown in Figure 3.3.
Two days prior to batching, the tank was filled with the required amount of lightweight
aggregate. Then it was filled with water until the water level was about 2 in. above the
aggregate. This was to provide a water level sufficient to cover all aggregate for the
duration of soaking. The tank was then allowed to sit undisturbed for 48 hours. After the
48 hour period the tank was drained using the built-in valve. The outflow of the tank was
passed over a No. 100 and No. 200 sieve to retain all fines. These fines were then
returned back to the tank. The saturating procedure was identical for all lightweight

aggregates.
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Figure 3.3 Tank Used for Lightweight Aggregate Saturation

3.3.2. Concrete Mixtures. The concrete mixtures were designed with the help
from the lightweight aggregate manufacturers. The concrete mixtures were verified by
numerous trial batches to achieve the target plastic and hardened properties. The target
compressive strength of 5000 psi was desirable, but concretes approximately 500 psi of
the target compressive strength were accepted. Low slump (~2 in.) was desired due to the
nature of a “step-like” placement in the formwork. All concrete mixtures were composed
of portland cement (Type I/11), water, coarse aggregates, and fine aggregates. No
chemical additives were used in the concrete mixtures. The normalweight concrete
mixture met the ASTM C33 (2013) specification requirements. All of the lightweight
concrete mixtures met the requirements set forth by the ASTM C330 (2014)
specification. 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 a 6-cubic foot rotary drum mixer shown in Figure 3.4. Mixture proportions are
summarized in Table 3.7 and discussed in subsequent Sections 3.3.2.1, 3.3.2.2, and
3.3.2.3.

The plastic and hardened concrete properties of the final mixture designs used for
specimen casting are summarized in Table 3.8 and Table 3.9, respectively. Slump of
concrete mixtures was determined following steps of ASTM C143 (2015). Density and
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air content of the concrete mixtures were measured according to ASTM C138 (2014).
Unit weight of fresh concrete mixtures was measured and reported. Due to the capillary
nature of lightweight aggregate, using pressure air meter is not recommended. To
determine the air content of lightweight concrete mixtures, the ASTM C173 (2014) —
volumetric method was used. The concrete compressive 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 specimen. 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.

Table 3.7 Concrete Mixture Proportions

Lightweight Mixture Design Quantities (Ib/yd®)
Concrete Type Aggregate Coarse Fine
Type Aggregate | Aggregate Water | Cement® | wic
Normalweight1 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
Shale* 1885 260 610 [0.43
All-lightweight® Slate 528 1233 378 801 | 0.47
Clay 692 556 263 796 0.46

T Normalweight concrete coarse and fine aggregate satisfied ASTM C33 specification

2 Sand-lightweight concrete coarse aggregate were ASTM C330, and fine aggregate were ASTM
C33

® All-lightweight concrete coarse and fine aggregate satisfied ASTM C330

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

*Type I/Il cement was used




Table 3.8 Plastic Concrete Properties

Concrete Type Lightweight Density | Air | Slump
Aggregate Type | (Ib/ft) | (%) | (in.)
Normalweight N/A 148 2.5 55
Shale 117 2 2.5
Sand-lightweight Slate 117 1.5 2
Clay 105 25 | 1.25
Shale 108 3 2.5
All-lightweight Slate 106 3.5 6.5
Clay 88 4 0.5
Table 3.9 Hardened Concrete Properties
28-Day Compressive Spllttl_ng Modulus of
Concrete Type Strength Tensile Elasticity
(psi) Stren'gth (psi)
(psi)

N-MO 4840 420 3.90 x 10°
S-SH-MO 4770 460 3.30 x 10°
A-SH-MO 4700 515 2.65 x 10°

S-SL-CJ 5570 570 3.50 x 10°
A-SL-CJ 4380 420 2.45 x 10°
S-CL-CJ 4640 360 2.65 x 10°
A-CL-CJ 4460 405 1.70 x 10°
Standard Deviation 361 66 0.68 x 10°




Figure 3.5 Modulus of Elasticity Yoke, Brass Volumetric Meter, and Pressure Meter
(from left to right)
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Figure 3.6 Cylinder Compressive Strength Test (left), Splitting Tensile Strength Test
(right)

3.3.2.1 Normalweight concrete. The normalweight concrete mixture was
designed with a target compressive strength of 5000 psi. Normalweight coarse aggregate
used in this mixture was crushed dolomite, and fine aggregate was natural river sand.
Both aggregates conformed to ASTM C33. The water cement ratio was 0.59. Mixture
proportions are summarized in Table 3.7. Plastic and hardened properties achieved are
summarized in Table 3.8 and Table 3.9, respectively.

3.3.2.2 Sand-lightweight concrete. The sand-lightweight concrete mixtures were
designed with a target compressive strength of 5000 psi. The sand-lightweight concretes
were made of lightweight coarse aggregates conforming ASTM C330 and natural river
sand conforming ASTM C33. The desired density for sand-lightweight concrete was 115
Ib/ft3. Sand-lightweight concrete mixture proportions are summarized in Table 3.7. These
proportions were developed with the guidance of the lightweight aggregate producers, but
extensive trial batching was necessary to achieve the desired properties presented in
Tables 3.8 and 3.9.

3.3.2.3 All-lightweight concrete. The all-lightweight concrete mixtures were
designed with a target compressive strength of 5000 psi. To achieve the all-lightweight
concretes, normalweight coarse and fine aggregates were replaced with lightweight
aggregates. Unit weight of fresh all-lightweight aggregate concrete largely depends on
unit weight of lightweight aggregate used. Concrete mixture proportions for the all-
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lightweight concretes were developed with the guidance of the producers of each
aggregate. Mixture proportions are summarized in Table 3.7, while plastic and hardened
properties achieved are summarized in Table 3.8 and Table 3.9, respectively.

3.3.3. Reinforcing Steel Bars. Deformed reinforcing steel bars were provided for
this 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 purposes. The 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 A370. Strain was measured using strain gages described
in Section 3.5.5.2. The strain readings were also verified using an 8 in. extensometer that
was removed from the tensile coupon upon yielding.

The average yield stress of the No. 3 and No. 5 bars were 72,185 psi and

70,695 psi, respectively. The average ultimate stress of the No. 3 bars was 101,055 psi,
while the average ultimate stress of the No. 5 bars was 102,390 psi. Representative stress-
strain curves for the No. 3 and No. 5 bars are shown in Figure 3.7. A summary of the
tensile test results is presented in Table 3.10. It should be noted that for Specimen 3-1,
the extensometer slipped upon loading and damaged the strain gage as well. Therefore

only the peak stress was obtained for this specimen.
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Figure 3.7 Representative Stress vs. Strain Plot for Steel Reinforcing Bars Used in This
Study

Table 3.10 Measured Reinforcing Steel Bar Properties

Tensile Bar | Yield Stress | Peak Stress Modulus of
Specimen ID Size (psi) (psi) Elasticity (psi)
3-1 No. 3 NA 100,870 NA

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
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3.4. SPECIMEN FABRICATION

Specimens were fabricated during the spring of 2015. A total of 54 specimens, 28
of which are presented in this thesis, were constructed and tested including two practice
specimens — one cold joint and one monolithic.

3.4.1. Reinforcing Steel Bar Cage Preparation. Reinforcing steel bars were
bent and the cages were assembled in the High Bay Structural Engineering Research
Laboratory at Missouri S&T. Reinforcing bars properties are discussed in Section 3.3.3.
Specimens presented in this thesis had reinforcement ratio of 1.3%, which equals to three
No. 3 closed stirrups orthogonal to the shear plane as shown in Figure 3.8 and Figure 3.9.
Reinforcing bars located parallel to the shear plane were four No. 5 bars that were bent
into an “L” shape. These No. 5 bars were confined by No. 3 closed 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).

- I74Bin
2R = 11004
Flﬂﬂgf—x-i 45040 |=— |[=— SE0in —=
1200 m > - ! i \\. , | 2o0m

m [ ]
2] ar-i(—fn'ﬂm & 1 — ] '
N I

n‘u.-
N / 2

—— —_—
= No:3 Closed Tie StumM

Figure 3.8 Reinforcement Detail

Shear Plane
Fiomsllm)



44

Figure 3.9 Reinforcement Cage with Strain Gages

3.4.2. Formwork and Assembly. All specimens were cast in the Concrete
Materials Laboratory in the Butler-Carlton Building at Missouri S&T. 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 interface. Formwork for the
specimens with a monolithic interface is presented in Section 3.4.2.1, and formwork for
the specimens with a cold joint interface is discussed in Section 3.4.2.2.

3.4.2.1 Formwork for the specimens with a monolithic interface. Specimens
with a monolithic interface were cast on their side using formwork shown in Figure 3.10.
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 used by Shaw (2013) were modified for this formwork. 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 Hawkins (1972). Indentations
along the 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.
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Y

Figure 3.10 Formwork for Specimens with a Monolithic Interface

3.4.2.2 Formwork for the specimens with a cold joint interface. Specimens
with a cold joint interface were cast in two stages to achieve the non-monolithic 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 surface. The materials and dimensions used were identical to those of the
monolithic formwork in Section 3.4.2.1.

Figure 3.11 Formwork for Specimens with a Cold Joint Interface
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3.4.3. Concrete Placement and Shear Interface Preparation. Concrete
placement of the monolithic specimens was done in one lift without any shear interface
preparation. 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 joint specimens were cast in groups 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 specimens were 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 ACI 318 (2014) and Handbook (2011). This was achieved using the tool shown in
Figure 3.12. The depth of scoring was controlled by inserting one quarter of the 1 in.
hook of the scoring tool. The shear plane was scored in the direction perpendicular to the
direction of loading across the entire width of the shear plane. After scoring was
completed, the shear plane was cleaned using compressed air. The depth of roughening
was then measured and verified at several random locations using a digital caliper as
shown in Figure 3.13.

Figure 3.12 Roughening Tool
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Figure 3.13 Example of Roughened Surface and Measuring of Roughness

3.4.4. Concrete Curing. The specimens along with cylinders were covered with
plastic immediately after casting the concrete. After a 24-hour period, the specimens and
cylinders were de-molded and placed inside the moist-cure room located in the Concrete
Materials Laboratory in the Butler-Carlton Hall at Missouri S&T. This room is
maintained at 70 degrees Fahrenheit and 100 percent humidity. The specimens and
cylinders were kept in the moist-cure room until the day before testing. The night before
testing, the specimens and cylinders were removed from the moist-cure room and
allowed to dry off in order to be tested the next day. Casting and test dates are
summarized in Table 3.11.

Table 3.11 Specimen Casting and Testing Dates

Specimen Castin Age at Test | Number
Féeries Date ’ Test Date Dgte (days) | of Tests
N-MO 1/23/2015 | 2/20/2015 28 4

S-SH-MO 1/28/2015 | 2/25/2015 28 4

A-SH-MO 2/6/2015 3/6/2015 28 4

S-SL-CJ 1/30/2015 | 2/27/2015 28 4

A-SL-CJ 4/27/2015 | 5/25/2015 28 4

S-CL-CJ 4/8/2015 5/6/2015 28 4

A-CL-CJ 3/16/2015 | 4/13/2015 28 4
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3.5. TEST SETUP

This research expands on previous research conducted by Shaw (Shaw, 2013).
Therefore, this research utilizes a similar test setup as used by Shaw. 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
protocol, pre-cracking procedure (where applicable), and flange confinement. Data
acquisition and instrumentation used to collect electronic data are discussed in this
section as well.

3.5.1. Support Conditions. After thorough evaluation of previous research
conducted, it was determined to follow the final support conditions used by Shaw (Shaw,
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 roller
system used previously by Hofbeck (1969) due to minimal lateral translation of the
specimen during testing observed by Shaw (2013). The support conditions for testing of
specimens are shown in Figure 3.14. A hemispherical bearing head was used on top 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 the Tinius Olson. Neoprene pads were placed between the specimen flanges and the

steel plates used on the top and bottom to help distribute the load evenly.

SEEA | . >

Figure 3.14 Typical Support Conditions for Testing



49

3.5.2. Loading Protocol. As mentioned in the previous section, a Tinius Olsen
Load Frame with 200-kip capacity was used to apply the load to the test specimens. The
load frame is located in the Missouri S&T Jones Structure Materials Testing Laboratory
in Butler-Carlton Hall. For this study, all specimens were tested under displacement
controlled loading at a rate of 0.015 in. per minute. The specimens were tested until one
of the following conditions occurred: a target slip of 0.3 in. was reached, or 60 percent of
the ultimate strength was reached (after the ultimate strength was reached).

3.5.3. Pre-cracking of Monolithic Specimens. During the review of previously
conducted research involving pre-cracking of monolithic specimens, it was discovered
that different researchers used different methods to accomplish this task. The Mattock
and Hawkins’ (1972) approach was modified and used in this study. Prior to pre-
cracking, the shear plane was painted white on both sides of the specimen. A crack 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 Figure 3.15. The specimen was
placed on its side, and the pre-cracking tool edge was placed into the chamfers used to
create the shear plane as shown in Figure 3.16. 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.

.i’.i'._‘

Figure 3.15 Pre-cracking Tool
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Figure 3.16 Pre-cracking Setup

3.5.4. Flange Prestressing/Confinement Systems. Based on the research
conducted by Shaw (2013) it was determined that primary and secondary confinement of
the flanges would be used for all specimens tested in this study. The primary prestressing
system is described in Section 3.5.4.1, and the secondary system is summarized in
Section 3.5.4.2. It should be noted that no premature flange failures were observed in any
of the tests included in this thesis.

3.5.4.1 Primary flange prestressing/confinement system. To avoid premature
flange failure, the primary prestressing system was used as shown in Figure 3.17. All four
all-thread rods with nuts were tightened to 50 Ib-ft. This corresponds to approximately
325 psi of compression to each flange. The effect 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.

3.5.4.2 Secondary flange prestressing/confinement system. The secondary
system 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 specimen the plates were
pushed against the flange using four bolts per plate as seen in Figure 3.17. This
confinement was intended to provide passive support in the event of flange failure out of
plane.
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Figure 3.17 Primary and Secondary Flange Confinement Systems

3.5.5. Instrumentation and Data Acquisition. Eleven data channels were used
to monitor each test. Six data channels were displacements measured with direct current-
linear variable differential transducers (DC-LVDTS). Three channels recorded strains
measured using uniaxial strain gages. The last two data channels 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 Olsen load frame. The specimen instrumentation is shown in Figure
3.17 (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.

3.5.5.1 Direct current — LVDTs. Two DC-LVDTs were used to measure slip
along the shear interface, and four DC-LVDTs were used to measure dilation of the shear
interface. Three DC-LVDTs 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 to measure the dilation (horizontal separation) had £1.0 in. stroke, while the DC-
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LVDTs measuring slip had £0.5 in. stroke. These were sufficient to measure the
displacements experienced by each specimen. The DC-LVDTs were mounted to the
aluminum brackets that were mounted on specimens using a hot-glue 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.

3.5.5.2 Strain gages. Two sets of strain gages were mounted on the reinforcing
steel used in this study. The first set of strain gages used were uniaxial electronic
resistance strain gages (CEA-06-125UN-120) manufactured by Vishay Micro-
measurements. The second set was type EA-06-250BG-120/LE by Vishay Micro-
measurements 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 be at the location 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 cross-
sectional area. The manufacturer’s instructions were followed to attach the strain 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 strain gages
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 several testing sessions to determine
that the power supply on the strain gage data acquisition system was malfunctioning.

However, this noise was later removed in the strain data.
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Figure 3.18 Location of Strain Gages

Figure 3.19 Strain Gages Attached to Shear Reinforcement
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3.6. TEST RESULTS

This section presents the results of the experimental program outlined previously.
Data presented in following sections include the shear force-slip relation, shear force-
dilation relation, slip-dilation, stress-strain, slip-strain, and dilation-strain relation for
each set of specimens. The values from the two DC-LVDTs measuring slip are averaged
for the two faces of the specimen. The values from the DC-LVDTs measuring dilation
are averaged also. The strain values, for which noise was an issue, were manually
corrected. The strain values were then averaged for all properly functioning strain gages.

3.6.1. Normalweight Concrete Specimens. This section presents the results of
the normalweight concrete specimens. Specimens presented in this section include series
N-MO-U and N-MO-P. These specimens were tested on 2/20/2015. All specimens failed
in shear along the shear plane. Horizontal hairline flexural cracks were observed on the
side edges of the specimens as shown in Figure 3.20. These cracks were typical for all
normalweight concrete specimens. The hairline cracks were observed to have no
influence on the instrumentation and did not appear to affect the data being recorded. A
significant amount of noise was observed in the strain readings during the testing. This
can be seen in the figures that follow. The strain gage noise in specimen N-MO-P-1
exceeded values that the strain gage can read according to the manufacturer. For this
reason the strain gage readings associated with specimen N-MO-P-1 were deemed
unusable and are not displayed in the figures below. Figure 3.21 shows the applied shear
force versus slip relations for all normalweight concrete specimens. Figure 3.22 presents
the shear force versus interface dilation relations. Figure 3.23 displays slip versus
dilation. Figure 3.24 shows the applied shear force versus shear reinforcement strain.
Figure 3.25 shows the slip versus strain relations. And lastly, Figure 3.26 shows the

dilation versus strain relations.
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Hairline crack

Figure 3.20 Location and Example of Hairline Flexural Cracks
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Figure 3.21 Applied Shear Force vs. Slip for Normalweight Concrete Monolithic
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Figure 3.22 Applied Shear Force vs. Dilation for Normalweight Concrete Monolithic
Interface Specimens
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Figure 3.23 Slip vs. Dilation for Normalweight Concrete Monolithic Interface Specimens



57

2
"y - N
& _
5 ﬂ N — - N-MO-U-1
= &
- 4
2 N-MO-U-2
70!
2
= - — N-MO-P22
=
<
2000 4000 6000

Strain (microstrain)

Figure 3.24 Applied Shear Force vs. Shear Reinforcement Strain for Normalweight
Concrete Monolithic Interface Specimens
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Interface Specimens
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Figure 3.26 Dilation vs. Shear Reinforcement Strain for Normalweight Concrete
Monolithic Interface Specimens

3.6.2. Sand-lightweight Concrete Specimens. This section presents the results
of the sand-lightweight concrete specimens with a monolithic or cold joint interface.
Specimens presented in this section include series S-SH-MO-U, S-SH-MO-P, S-SL-CJ-
R, S-SL-CJ-S, S-CL-CJ-R, and S-CL-CJ-S. The testing of expanded shale aggregate
sand-lightweight concrete specimens was conducted on 2/25/15. The testing of expanded
slate aggregate sand-lightweight concrete specimens was conducted on 2/27/15. The
testing of expanded clay aggregate sand-lightweight concrete was conducted on 5/6/15.

3.6.2.1 Shale aggregate sand-lightweight concrete specimens. All shale
aggregate concrete specimens had a monolithic interface. Specimens presented in this
section include series S-SH-MO-U and S-SH-MO-P. Hairline flexural cracking was
observed in the same location as for the normalweight concrete specimens (Section
3.6.1). A typical crack is shown in Figure 3.27. All specimens failed in shear along the
shear plane. Figure 3.28 shows the applied shear force versus slip relations for the shale
sand-lightweight concrete specimens. Figure 3.29 presents the shear force versus
interface dilation relations. Figure 3.30 displays the slip versus dilation relations. Figure

3.31 shows the applied shear force versus shear reinforcement strain. Figure 3.32 shows
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the slip versus interface steel strain relations. And finally, Figure 3.33 shows dilation

versus interface steel strain.

Figure 3.27 Typical Hairline Flexural Flange Crack Observed In Shale Aggregate
Concrete Specimens
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3.6.2.2 Slate aggregate sand-lightweight concrete specimens. All slate
aggregate sand-lightweight concrete specimens had a cold joint interface. Specimens
presented in this section include series S-SL-CJ-R and S-SL-CJ-S. All specimens failed
in shear along the shear plane. During the testing of specimens S-SL-CJ-S-1 and S-SL-
CJ-S-2, concrete cover spalling near the shear plane crack was observed late in the test
(after the peak load was achieved). This spalling is shown in Figure 3.34. Hairline
flexural flange cracking experienced by the sand-lightweight shale aggregate concrete
specimens (Section 3.6.2.1) and normalweight concrete specimens (Section 3.6.1) was
also experienced by all four slate aggregate sand-lightweight concrete specimens. During
the testing of the slate aggregate sand-lightweight concrete specimens a large amount of
noise was observed in the measured strain data. Figure 3.35 shows the applied shear force
versus slip relations for the slate sand-lightweight concrete specimens. Figure 3.36 shows
the shear force versus interface dilation relations. Figure 3.37 shows the slip versus
dilation relations. Figure 3.38 shows the applied shear force versus strain in shear plane
reinforcement. Figure 3.39 shows slip versus strain in the shear plane reinforcement. It

must be noticed, that the scale for the slip was changed for this graph in order to reduce
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the noise displayed. Figure 3.40 shows dilations versus strain in the shear plane
reinforcement. The scale for Figure 3.40 was also adjusted in order to reduce the strain

noise shown.

Figure 3.34 Concrete Cover Spalling Experienced by Specimen S-SL-CJ-S-1 (left),
Specimen S-SL-CJ-S-2 (right)
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3.6.2.3 Clay aggregate sand-lightweight concrete specimens. All clay
aggregate sand-lightweight concrete specimens presented in this section had a cold joint
interface and include series S-CL-CJ-R and S-CL-CJ-S. All specimens failed in shear
along the shear plane. During testing of specimen S-CL-CJ-R-1 the steel bracket holding
the front vertical and the front bottom horizontal DC-LVDT fell off because of excess
moisture interfering with the glue as shown in Figure 3.41. Therefore measurements by
these devices were disregarded. Figure 3.42 shows the applied shear versus slip relations
for the clay sand-lightweight concrete specimens. Figure 3.43 shows the shear force
versus interface dilation relations. Figure 3.44 shows the slip versus dilation relations.
Figure 3.45 shows the applied shear force versus strain in shear plane reinforcement.
Figure 3.46 shows slip versus strain in shear plane reinforcement. Figure 3.47 shows the
dilation versus strain in shear plane reinforcement relations. It must be mentioned that the

strain readings for the series S-CL-CJ experienced large strain data noise.

Figure 3.41 Detached DC-LVDTs on specimen S-CL-CJ-R-1
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3.6.3. All-lightweight Concrete Specimens. This section presents the results of
the all-lightweight concrete specimens with a monolithic or cold joint interface.
Specimens presented in the following section include series A-SH-MO-U, A-SH-MO-P,
A-SL-CJ-R, A-SL-CJ-S, A-CL-CJ-R, and A-CL-CJ-S. Shale aggregate all-lightweight
concrete specimens were tested on 3/6/2015. Slate aggregate all-lightweight concrete
specimens were tested on 5/25/2015. Clay aggregate all-lightweight concrete specimens
were tested on 4/13/2015.

3.6.3.1 Shale aggregate all-lightweight concrete specimens. All shale all-
lightweight specimens were cast monolithically as described in Section 3.4.2.1. All
specimens failed in shear along the shear plane. DC-LVDTs measuring back face bottom
dilation and back face slip of specimen A-SH-MO-P-2 detached during testing due to
concrete cover spalling shown in Figure 3.48. During the testing of specimen A-SH-MO-
P-1, strain readings exceeding the range of the strain gages were observed. For this
reason, the strain data for specimen A-SH-MO-P-1 is not displayed in figures below. The
behavior of the shale aggregate all-lightweight concrete specimens is shown in Figure
3.49 through Figure 3.54. Figure 3.49 shows the relations between applied shear force
and slip. Figure 3.50 shows the applied shear versus dilation relations. Figure 3.51 shows
the slip versus dilation relations. Figure 3.52 shows applied shear force versus strain
relations. Figure 3.53 shows slip versus strain relations. Lastly, Figure 3.54 shows the

dilation versus strain relations.
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3.6.3.2 Slate aggregate all-lightweight concrete specimens. All slate aggregate

all-lightweight concrete specimens had a cold joint interface. Specimens presented in this
section include series A-SL-CJ-R and A-SL-CJ-S. All specimens failed in shear along the
shear plane. The behavior of slate aggregate all-lightweight concrete specimens is shown
in Figure 3.55 through Figure 3.60. Figure 3.55 shows the relations between applied
shear force and slip. Figure 3.56 shows the applied shear versus dilation relations. Figure
3.57 shows the slip versus dilation relations. Figure 3.58 shows the applied shear force
versus strain relations. Figure 3.59 shows the slip versus strain relations. Figure 3.60

shows the dilation versus shear plane reinforcement strain relations.
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3.6.3.3 Clay aggregate all-lightweight concrete specimens. All clay all-
lightweight concrete specimens had a cold joint interface. Specimens presented in this
section include series A-CL-CJ-R and A-CL-CJ-S. All specimens failed in shear along
the shear plane. Severe cracking of the concrete cover was observed during testing
specimen A-CL-CJ-R-1 prior to reaching the ultimate force. The cracking is shown in
Figure 3.61. The cracked concrete cover was physically removed after the test was
completed and the result is shown in Figure 3.61. The behavior of the clay aggregate all-
lightweight concrete specimens is shown in Figure 3.62 through Figure 3.67. Figure 3.62
shows the relations between applied shear force and slip. Figure 3.63 shows the applied
shear versus dilation relations. Figure 3.64 shows the slip versus dilation relations. Figure
3.65 shows the applied shear force versus strain relations. Figure 3.66 shows the slip
versus strain relations. Finally, Figure 3.67 shows the dilation versus strain relations.

Figure 3.61 Concrete Cracking on A-CL-CJ-R-1 (left), After the Removal of All Loose
Concrete (right)
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4. ANALYSIS AND DISCUSSION

4.1. INTRODUCTION

This section analyzes and discusses results of the experiments presented in
Section 3.6. A comprehensive summary of the test results is presented in Table 4.1. These
results are used to analyze the influence of the test variables. The measured values
presented in Table 4.1 include the peak (ultimate) applied shear force V,, peak applied
shear stress v, (Vvui=V/Ac), slip at V,, dilation at V,, residual force V, and residual stress
Vur (Vur=Vu/Acr). The residual force V, is defined as the load corresponding to a slip of
0.15 in. For the calculation of stresses v, and v, the area used was the cross-sectional
area of the shear plane equal to 49.5 in. Average values of stresses v, and vy, for each
series are shown as vy avg and Vyravg, respectively. Finally, the average values for peak-to-
residual shear stress ratio (vy/v,,) are also presented in Table 4.1 for each series.

The values listed in Table 4.1 as N/A are for specimens that reached 60% of their
ultimate shear strength (post-peak) before reaching the slip of 0.15 that is used to define
the residual shear strength, v,.. However, these values can be estimated from the applied
shear force vs. slip plots presented in Section 3.6. For N-MO-U-2 the residual shear
strength is estimated to be 35,000 Ibs or 700 psi. The residual shear strength of S-SL-CJ-
R-1 can be extrapolated to be 37,000 Ibs or 750 psi. The residual shear strength of
specimens A-CL-CJ-R-1 and A-CL-CJ-S-1 is estimated to be 24,000 Ibs or 480 psi and
28,000 Ibs or 560 psi, respectively.

In the sections that follow, the results of the experiments are compared on the
basis of general behavior, and the influence of the test variables is examined in terms of
peak shear strength and residual shear strength. Results are also compared to previous
studies summarized in Section 2.4. Finally, results are compared to previous and current
editions of the ACI 318 code (2014) and the PCI Design Handbook (2004 and 2010).



Table 4.1 Summary of Testing Results
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Slipat | . _..
: f.attest| V, ! Dilation 2 1
Specimen ID caLLes v Ve Vu, avg V, N Vur Vur | Vur, avg (VulVuravg
day (psi)| (lbs) | (psi)| (psi) (in) atVy (in)| (lbs) | (psi) | (psi)

N-MO-U-1 63410 [1281 0.019 | 0.014 |40729]| 823

N-MO-U-2 4840 62203 | 1257 1269 0.017 | 0.015 | N/A | N/A 823 154
N-MO-P-1 61071 |1234 1192 0.017 | 0.011 |[45537] 920 1011 | 118
N-MO-P-2 56973 |1151 0.023 | 0.012 |54598|1103 '
S-SH-MO-U-1 55434 |1120 0.011 | 0.009 |40773| 824
S-SH-MO-U-2 4770 56588 |1143 1132 0.010 | 0.010 |38501| 778 801 L4l
S-SH-MO-P-1 50593 |1022 1035 0.013 | 0.007 |39068| 789 830 195
S-SH-MO-P-2 51884 |1048 0.020 | 0.009 [43098| 871 '
A-SH-MO-U-1 52032 |1051 1056 0.016 | 0.009 [32821] 663 207 149
A-SH-MO-U-2 4700 52549 |1062 0.013 | 0.009 |[37162] 751
A-SH-MO-P-1 46120 | 932 998 0.038 | 0.009 |41332] 835 906 110
A-SH-MO-P-2 52692 |1064 0.026 | 0.007 |48352| 977 '
S-SL-CJ-R-1 63167 |1276 0.013 | 0.008 | N/A | N/A

S-SL-CJ-R-2 5570 59370 |1199 1238 0.013 | 0.009 [36363] 735 735 1.68
S-SL-CJ-S-1 39487 | 798 891 0.017 | 0.007 [30508| 616 200 197
S-SL-CJ-S-2 48767 | 985 0.016 | 0.008 |[38771| 783 '
A-SL-CJ-R-1 46525 | 940 944 0.012 | 0.006 |30148| 609 645 146
A-SL-CJ-R-2 4380 46925 | 948 0.005 | 0.005 |33741| 682

A-SL-CJ-S-1 37842 | 764 774 0.019 | 0.007 |30810| 622 671 115
A-SL-CJ-S-2 38751 | 783 0.024 | 0.007 |35575] 719 '
S-CL-CJ-R-1 50785 |1026 986 0.007 | 0.006 |[31310| 633 651 151
S-CL-CJ-R-2 4640 46885 | 947 0.015 | 0.005 |[33178] 670

S-CL-CJ-S-1 41006 | 828 82 0.015 | 0.006 |[31025| 627 600 137
S-CL-CJ-S-2 40436 | 817 0.018 | 0.007 |28402| 574 '
A-CL-CJ-R-1 41858 | 846 865 0.009 | 0.006 | N/A | N/A 534 162
A-CL-CJ-R-2 4460 43816 | 885 0.011 | 0.006 |26451| 534

A-CL-CJ-S-1 36966 | 747 750 0.008 | 0.005 | N/A | N/A 501 150
A-CL-CJ-S-2 37324 | 754 0.015 | 0.006 |[24795] 501 '

'Shear stresses v, and v,, are defined as the peak and residual applied shear force respectively,
divided by the area of the shear plane
2 Residual shear force V,, is defined as the load at 0.15 in. of slip as described in Section 3.6

4.2. GENERAL BEHAVIOR

Specimen behavior will be described in terms of cracking stress, applied shear

force versus slip relations, and applied shear force versus interface reinforcement strain

relations.
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4.2.1. Cracking. Typical shear-plane cracks are shown in Figure 4.1. Dilation of
the shear-plane crack at the peak applied shear force was 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 by the saw-tooth analogy by Birkeland and Birkeland (1966). This dilation
ranges from 0.011 in. to 0.015 in. at the peak applied shear force. For sand-lightweight
concrete and all-lightweight concrete the maximum aggregate size was 3/8 in. causing the
shear crack separation at the peak applied shear force to range from 0.005 in. to 0.010 in.
The crack separation difference between smooth and roughened interface specimens was
insignificant. Flexural cracks in the flanges were described in Section 3.6 and are shown
in Figures 3.20, 3.27, and 3.61. Spalling of concrete cover was described in Section 3.6
and is shown in Figures 3.34, 3.48, and 3.61. The cracking shown in these figures was
most likely due to the slight eccentricities of reinforcement during construction that
caused the concrete cover to be smaller than specified and/or concrete splitting.

BT

Al o |

f

Figure 4.1 Typical Shear Plane Crack Normalweight Concrete Monolithic Interface (left),
Shale Sand-lightweight Concrete Monolithic Interface (right)
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4.2.2. Applied Shear Force — Slip Relations. Applied shear force — slip relations
for normalweight, sand-lightweight, and all-lightweight concrete monolithic and cold
joint specimens are shown in Figures 3.21, 3.28, 3.35, 3.42, 3.49, 3.55, and 3.62 in
Section 3.6. These figures illustrate initial linear elastic behavior, shear plane cracking
represented by the peak value of the applied shear force V,, followed by decrease in the
applied shear force until a near-constant force is reached. The post-peak shear force V; is
defined in this study as the shear force that corresponds to slip of 0.15 in. The behavior
shown in the applied shear force — slip relations reflects the behavior observed previously
by Shaw (2013).

From the figures mentioned above, it can be seen that the normalweight
monolithic interface specimens exhibit roughly the same stiffness prior to the peak
applied shear force. The maximum applied shear force is not significantly affected by
pre-cracking as summarized in Table 4.2. For monolithic pre-cracked specimens, the slip
is larger at the peak applied shear force compared to the uncracked specimens. After the
peak shear force is achieved, the shear force of the normalweight uncracked specimens
decreases more rapidly with increasing slip than the normalweight pre-cracked
specimens. This behavior is shown in Figure 3.21 but can also be observed in Table 4.1
where vy/v,, ratio is larger for uncracked monolithic normalweight specimens than the
pre-cracked monolithic mornalweight specimens.

The shale sand-lightweight concrete monolithic interface specimens show very
similar initial stiffness. The maximum applied shear force is larger for the uncracked
specimens than the pre-cracked specimens (see Figure 3.28). Quasi-brittle behavior is
observed with uncracked specimens, i.e. after reaching the peak applied shear force, the
shear force decreases rapidly with increasing slip (see vu/v,, ratio Table 4.1) .

The shale all-lightweight concrete monolithic interface specimens have nearly
identical initial stiffness. The peak applied shear force is unaffected by pre-cracking of
the specimens (see Figure 3.49). However, the uncracked specimens exhibit more quasi-
brittle post-peak behavior compared to the pre-cracked specimens (Table 4.1).

The slate and clay sand-lightweight concrete cold joint interface specimens have
very similar initial stiffness (Figures 3.35 and 3.42). The peak values correspond to a slip

of about 0.015 in. A significantly higher peak applied shear force is achieved with the
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roughened interface specimens compared to smooth interface specimens. This higher
peak applied shear strength is accompanied with quasi-brittle post-peak behavior (Table
4.1). The post-peak shear strength is not affected by the shear plane surface preparation.

The slate and clay all-lightweight concrete cold joint interface specimens have
nearly identical initial stiffness (Figures 3.55 and 3.62). The peak values correspond to a
slip of 0.015 in. to 0.020 in. A higher peak applied shear force is observed in roughened
interface specimens than the corresponding smooth interface specimens. This higher peak
applied shear strength is accompanied with quasi-brittle post-peak behavior (Table 4.1).
The post-peak shear strength is not affected by the shear plane surface preparation.

4.2.3. Applied Shear Force — Interface Reinforcement Strain Relations. The
applied shear force — interface reinforcement strain relations are shown in Figures 3.24,
3.31, 3.38, 3.45, 3.52, 3.58, and 3.65 in Section 3.6. For monolithic specimens included
in series N-MO, S-SH-MO, and A-SH-MO, the formation of the shear crack can be
observed for the uncracked specimens by examining these relations in detail. The pre-
cracked specimens are not included in this section because the crack was initiated prior to
testing. When the shear crack forms, the shear reinforcement engages, which can be
detected from the strain measurements as a sudden increase in strain. This cracking is
associated with a “plateau” on the applied shear stress v (v=V/A.) versus interface
reinforcement strain plot. A typical example of this behavior is shown in Figure 4.2. The
stress associated with crack formation, v, determined from the applied shear stress
versus interface reinforcement strain plot is also shown. For the uncracked specimens the
average cracking stress ranges between 300 psi to 700 psi.

For the cold joint interface specimens included in series S-SL-CJ, A-SL-CJ, S-
CL-CJ, and A-CL-CJ, the interface cracking stress was determined in the same manner as
for the monolithic specimens. A typical plot of the applied shear stress versus interface
reinforcement strain for cold joint specimens is shown in Figure 4.3. This figure shows
the typical behavior of all cold joint interface specimens, where roughened specimens
achieve higher shear strength at the same strain level.

Values of v, associated with the interfacial crack formation for all specimens are
summarized and compared in Figure 4.4 and Table 4.3 (The values for series N-MO-U

and S-CL-CJ-R in Figure 4.4 and Table 4.3 are not the averaged values because cracking
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was not detected by the strain readings in specimens N-MO-U-1 and S-CL-CJ-R-2). The
values of v, in Table 4.3 are the average determined from each of the shear force — strain
relations for all properly functioning gages of the corresponding specimens. Values are
reported to the nearest 25 psi. It must be noted that the interfacial crack formation does
not correspond to the ultimate shear strength of specimens as seen in Figures 4.2 and 4.3.
The ultimate shear strength of specimens is roughly associated with the visual formation
of the shear crack. Interfacial crack formation was not detected by the strain gages in
specimens N-MO-U-1 and S-CL-CJ-R-2.

Table 4.2 Average Peak Applied Shear Stress Percent Difference between Uncracked and
Pre-cracked Monolithic Specimens

Average Peak
i [0)
Specimen ID ASptFI)rL,Isesc,i \?:j,jr Diffe/l(')ence
(psi)
N-MO-U 1269 6.2
N-MO-P 1192
S-SH-MO-U 1132
S-SH-MO-P 1035 89
A-SH-MO-U 1056
A-SH-MO-P 998 >7
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Figure 4.2 Typical Applied Shear Stress vs. Interface Reinforcement Strain Plot Showing
Crack Formation in Monolithic Uncracked Specimens (Specimens in Series S-SH-MO
Shown)

1400
21200

-

< 1000 o

-] - -

g 7 S-CL-CJ-R-1
L - -_— - - - -
E 600 525 pSI’ ’

2 7T

= 400 5 ——S-CL-CJ-S-2
= ?' 300 psi

(=1

Ly

0 500 1000 1500 2000
Strain (microstrain)

Figure 4.3 Typical Applied Shear Stress vs. Interface Reinforcement Strain Plot Showing
Crack Formation in Cold Joint Specimens (Specimens in Series S-CL-CJ Shown)
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Table 4.3 Summary of Interface Cracking Stresses v, Determined From Strain

Measuremnts
: Interface . | SD Veravg
Specimen ID Condition Ver (psi) Ver,avg (PSI) (psi)
N-MO-U-1 Uncracked N/AT 700 0
N-MO-U-2 Uncracked 700
S-SH-MO-U-1 Uncracked 625
S-SH-MO-U-2 Uncracked 450 538 87.5
A-SH-MO-U-1 Uncracked 750
A-SH-MO-U-2 Uncracked 300 525 225
S-SL-CJ-R-1 Rough 625 625 0
S-SL-CJ-R-2 Rough 625
S-SL-CJ-S-1 Smooth 300 300 0
S-SL-CJ-S-2 Smooth 300
A-SL-CJ-R-1 Rough 550 550 0
A-SL-CJ-R-2 Rough 550
A-SL-CJ-S-1 Smooth 300
A-SL-CJ-S-2 Smooth 275 288 125
S-CL-CJ-R-1 Rough 525
I 525 0
S-CL-CJ-R-2 Rough N/A
S-CL-CJ-5-1 Smooth 325
S-CL-CJ-S-2 Smooth 300 313 125
A-CL-CJ-R-1 Rough 550
A-CL-CJ-R-2 Rough 525 538 125
A-CL-CJ-S-1 Smooth 475 488 125
A-CL-CJ-S-2 Smooth 500

! Cracking was not detected from strain measurements

4.3. INFLUENCE OF TEST VARIABLES

This section analyzes the experimental results presented in Section 3.6 to

determine the influence of the test variables. The studied test variables include concrete

unit weight, aggregate type, and shear interface preparation.

91



92

4.3.1. Effect of Concrete Unit Weight. In this study, normalweight, sand-
lightweight, and all-lightweight concrete types were used. The unit weight (measured on
fresh concrete) ranged from 88 Ib/ft3 for all-lightweight concrete to 148 Ib/ft3 for
normalweight concrete. For more detailed discussion of the concrete mixtures see Section
3.3.2. In this section, the effect of concrete unit weight on the shear transfer strength is
analyzed. Monolithic interface specimens and cold joint interface specimens are
compared separately.

Figures 4.5 through 4.8 show the comparison of the shear strength, v,, and
residual shear strength, vy, to concrete unit weight for the monolithic specimens. Figure
4.5 shows the relation of the peak (ultimate) shear stress vy versus concrete unit weight.
Trendlines are also plotted on this graph for the uncracked and pre-cracked specimens,
maintaining the distinction between the different interface conditions. The trends show
that for monolithic concrete specimens, the peak shear stress increases with increasing
unit weight. This is true for both uncracked and pre-cracked specimens. The slopes of the
trendlines are close suggesting that the increase in peak shear stress with increasing
concrete unit weight is independent of a pre-existing crack. Figure 4.6 shows the
normalized plot of the ultimate shear strength versus unit weight of concrete. Due to the
different compressive strengths of concrete on test date, the plot was normalized with
respect to the compressive strength of concrete. This plot shows behavior similar to that
of Figure 4.5.

Figure 4.7 plots the residual shear strength versus concrete unit weight. Increasing
residual shear stress with increasing unit weight is observed in Figure 4.7. The residual
shear strength values have slightly greater deviation between the two specimens of each
series compared to the peak shear stress values from Figure 4.5. The slopes of the
trendlines suggest increasing residual shear strength with increasing concrete unit weight.
Figure 4.8 plots the normalized residual shear strength versus concrete unit weight.
Normalization is performed with respect to the concrete compressive strength. The
trendlines suggest increasing residual shear strength with increasing concrete unit weight.

Figures 4.9 through 4.12 show the comparison of the shear strength v, and
residual shear strength vy, to concrete unit weight for the cold joint specimens in this

study. Figure 4.9 plots the peak shear stress versus concrete unit weight for the cold joint
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specimens, along with trendlines, maintaining the distinction between roughened and
smooth interface specimens. The trendlines show that the peak shear strength increases
with increasing unit weight. The increasing trend is more significant for the roughened
interface concrete specimens. Figure 4.10 shows the same plot but with the shear strength
normalized with respect to the concrete compressive strength on test day. This plot
suggests that normalized shear strength is not affected by concrete unit weight for the
smooth interface concrete specimens. However, the trend of increasing shear strength
with increasing concrete unit weight remains the same for roughened interface concrete
specimens. Figure 4.11 plots the residual shear strength versus unit weight of concrete.
The trendlines suggest increasing residual shear strength with increasing concrete unit
weight. However, Figure 4.12 shows that this increase in shear strength is not significant
when the shear strength is normalized with respect to concrete compressive strength. It
should be noted, however, that the normalweight concrete specimens had a larger
maximum aggregate size (3/4 in.) than the sand-lightweight and all-lightweight concrete

specimens (3/8 in.) as discussed in Section 4.2.1.
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Figure 4.5 Shear Strength v, vs. Concrete Unit Weight for Monolithic Interface
Specimens
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Figure 4.6 Normalized Shear Strength v, vs. Concrete Unit Weight for Monolithic
Interface Specimens
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Figure 4.7 Residual Shear Strength vy, vs. Concrete Unit Weight for Monolithic Interface
Specimens
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Figure 4.9 Shear Strength v, vs. Concrete Unit Weight for Cold Joint Specimens
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Figure 4.10 Normalized Shear Strength v, vs. Concrete Unit Weight for Cold Joint
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Figure 4.12 Normalized Residual Shear Strength v,, vs. Concrete Unit Weight for Cold
Joint Specimens

4.3.2. Effect of Lightweight Aggregate Type. Three types of lightweight
aggregate (expanded shale, expanded slate, and expanded clay) were included in this
study. For more detailed discussion of lightweight aggregates used in this study see
Section 3.3.1. This section examines the effect of lightweight aggregate type on the shear
transfer strength. Monolithic specimens are compared first. Cold joint specimens are
analyzed later in this section.

Figures 4.13 and 4.14 show the applied shear force versus slip relations for all
uncracked and pre-cracked monolithic specimens, respectively. Specimens with
normalweight concrete have the highest shear strength followed by shale sand-
lightweight concrete specimens. The weakest specimens in terms of shear strength are the
all-lightweight shale specimens. The percent difference in the peak shear load V,
between uncracked and pre-cracked specimens for concrete with the same aggregate type
is summarized in Table 4.2. While the average peak applied shear stress of the uncracked
specimens is consistently larger than that of the pre-cracked specimens, the percent
difference for all monolithic specimens is below 9% suggesting that pre-cracking of the

specimens has little effect on shear strength of the specimens regardless of the aggregate
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type. Figure 4.15 suggests that specimens with normalweight aggregate have higher shear
strength compared to shale sand-lightweight and all-lightweight concrete specimens. It
also suggests that shear transfer strength is more dependent on concrete unit weight than
aggregate type.

Figure 4.16 plots the relations between applied shear force and slip for the sand-
lightweight concrete specimens in this study. The slate aggregate specimens achieved a
higher peak applied shear force compared to the clay aggregate specimens for both a
roughened and smooth interface. Figure 4.17 plots the relations between applied shear
force and slip for the all-lightweight concrete specimens. The all-lightweight slate
specimens achieved a higher peak applied shear force compared to the clay all-
lightweight concrete specimens. The same findings can be seen in Figure 4.18 that plots
the applied shear force for all cold joint specimens. The comparisons can be made for all
pre-cracked and uncracked specimens. Specimens with slate aggregate achieved a higher
shear transfer strength compared to specimens with clay aggregate for sand-lightweight
and all-lightweight concrete, as well as for roughened and smooth interface preparation.
This may be explained on basis of density of the aggregate. Expanded clay aggregate is
less dense than expanded slate aggregate as described in Section 3.3.1.2. This suggests
more air voids in clay aggregate. These air voids cause the aggregate to be lighter but

also weaker in direct shear.
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Figure 4.13 Applied Shear Force vs. Slip for Monolithic Uncracked Specimens
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Figure 4.14 Applied Shear Force vs. Slip for Monolithic Pre-cracked Specimens
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4.3.3. Effect of Shear Interface Preparation. Specimens evaluating this variable
include monolithic and non-monolithic (cold joint) interfaces. This section first examines
the specimens with cold joint interfaces only, but then those results are compared to the
monolithic cases. The cold joint interfaces were either troweled smooth or roughened to
average amplitude of 1/4 in. To isolate the interface condition as the only parameter,
specimens constructed using the same lightweight aggregate and having the same unit
weight are compared in this section. In the graphs presented in this section, the horizontal
scale for the slip is limited to 0.15 in. to compare the residual shear force V. This is the
only difference between Figures 4.19 through 4.22 and the figures presented in Section
3.6.

Figures 4.19 through 4.22 show the comparison between applied shear force and
slip for the cold joint interface specimens studied in this project. The measured concrete
compressive strength for each series is the same, leaving the interface preparation as the
only variable. In all cases, specimens with roughened interface achieved a higher peak
shear force than the specimens with smooth interface. This phenomenon can be explained
on basis of aggregate interlock. The specimens with smooth interface have to rely solely
on cohesion and dowel action before cracking along the shear plane and reaching their
peak applied shear force. For the smooth specimens there 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 planes.
The percent increase ranges from 14.2% to 32.5% in peak shear stress between
corresponding smooth and roughened interface specimens is summarized in Table 4.4.
From the cracking stress values v, in Table 4.3 it can also be seen that the cracking stress
is lower for smooth interface specimens than corresponding roughened interface
specimens. It should also be noted that the smooth specimens have 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 increases the cracking stress.

From Figures 4.19 through 4.22 it can also be observed that the residual shear
force for the sand-lightweight and all-lightweight concrete specimens is roughly the same

regardless of the interface preparation. Therefore the interface preparation does not
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appear to influence the residual shear force for specimens with a cold joint interface. For
the all-lightweight smooth interface concrete specimens, Figures 4.21 and 4.22 show that
the peak shear force is similar to the residual shear force. However, in cases of sand-
lightweight concrete, with both smooth and roughened interface as well as all-lightweight
roughened interface specimens, quasi-brittle post peak behavior (where the peak shear
force is significantly larger than the residual shear force) can be observed in Figures 4.19
to 4.22.

Table 4.5 shows that the average peak-to-residual stress ratios (Vy/Vur)avg fOr
uncracked monolithic specimens and roughened interface cold joint specimens are
similar. The uncracked monolithic specimens ratios are between 1.41 and 1.54, while the
cold joint roughened specimens ratios range from 1.51 to 1.68. This means that the quasi-
brittle post peak behavior observed in roughened interface specimens is similar to that of

uncracked specimens.
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Table 4.4 Effect of Cold Joint Interface Preparation on the Peak Shear Stress

Specimen Series

Average Peak Shear Stress vy .avg (PSi)
Interface Preparation

% Increase

Smooth | Roughened
S-SL-CJ 891 1238 325
A-SL-CJ 774 944 19.8
S-CL-CJ 822 986 18.1
A-CL-CJ 750 865 14.2
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Table 4.5 Effect of Interface Preparation on Average Peak-to-Residual Stress Ratio

Specimen ID Cl:gfgggi (Vu/Vur)avg
N-MO-U-1 Uncracked 154
N-MO-U-2 Uncracked '

S-SH-MO-U-1 Uncracked 141

S-SH-MO-U-2 Uncracked '

A-SH-MO-U-1 Uncracked 1.49
A-SH-MO-U-2 Uncracked '
S-SL-CJ-R-1 Roughened

1.68

S-SL-CJ-R-2 Roughened

A-SL-CJ-R-1 Roughened 146

A-SL-CJ-R-2 Roughened '

S-CL-CJ-R-1 Roughened 151

S-CL-CJ-R-2 Roughened '

A-CL-CJ-R-1 Roughened 162

A-CL-CJ-R-2 Roughened '

4.4, COMPARISON TO PREVIOUS STUDIES

In the ACI 318 code (2014) and PCI Design Handbook (2010) shear-friction
design provisions, discussed in Section 2.3, the shear-friction coefficient p is determined
as the product of a term that accounts for interface preparation (ranging from 0.6 to 1.4)
and a term that accounts for the presence of lightweight aggregates, A (ranging from 0.75
to 1.0). In this section, the influence of lightweight aggregates and interface condition on
the shear strength is examined using the results from this study supplemented with
selected previous works. The objectives are to examine the trends using a larger database
of results, and to facilitate the analysis of the shear-friction design provisions that will be
discussed in Section 4.5.

To study the effect of lightweight aggregates, the shear strength of specimens
with different unit weights are supplemented and compared with data from the literature
for sand-lightweight and all-lightweight concrete (Hofbeck et al. 1969, Mattock et al.
1976, and Shaw 2013). A summary of the data used in this section is presented in
Appendix A. To be comparable to this study, only specimens with the same
reinforcement ratio (p=~0.013) were selected for comparison. It must be noted that the
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shear plane of the specimens studied by Hofbeck et al. (1969) and Mattock et al. (1976)
was 50 in? compared to 49.5 in? used by Shaw (2013) and that used for this study, while
the number and size of reinforcing bars crossing the shear plane were the same. This
slight change in shear plane area only influences the reinforcement ratio slightly.
Specimens tested by Mattock et al. were cast monolithically and were either
uncracked or pre-cracked on the day of testing. These will be compared with the
monolithic uncracked and pre-cracked specimens tested in this study. Specimens tested
by Shaw were cast with a cold joint at the shear plane. Those specimens will be
compared to the cold joint specimens in this study. One of the goals of this study is to
determine the validity of the lightweight modification factor A. To be able to analyze this
factor, the shear strength was normalized with respect to the concrete compressive
strength. Figures 4.23 through 4.26 show plots of the test results versus unit weight.
Figure 4.23 graphs normalized shear strength (in terms of stress) versus unit weight of
concrete for roughened interface cold joint specimens including the Shaw (2013)
specimens. From the trendline it can be seen that as the unit weight of concrete increases,
so does the normalized shear strength. Figure 4.24 plots normalized shear strength versus
unit weight of concrete for smooth interface cold joint specimens. The trendline of the
smooth interface condition plot contradicts the trendline for the roughened interface. The
smooth interface trendline slope slightly decreases with increasing unit weight. In other
words, the unit weight does not play a role in the shear strength for a cold joint smooth
interface condition. This can be explained as the shear plane bond is provided solely by
the cohesion of concrete cast against another smooth concrete and the dowel action of the
reinforcement crossing the shear plane. Therefore, for the smooth interface cold joint
specimens the concrete unit weight should be irrelevant. It should also be noted that the
normalized shear strengths of smooth interface specimens in Figure 4.24 are on average
lower than the normalized shear strengths of the roughened specimens in Figure 4.23.
Figure 4.25 plots the normalized shear strength versus unit weight of concrete for
uncracked monolithic specimens including the Mattock et al. (1976) and the Hofbeck et
al. (1969) specimens. This plot shows a slight increase in the normalized shear strength as
the unit weight increases. Figure 4.26 shows the normalized shear strength versus the unit

weight of concrete for normalweight, sand-lightweight, and all-lightweight monolithic
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pre-cracked specimens. It must be noted that the scatter of the normalized shear strength
is larger for pre-cracked specimens of the same type than for other interface conditions.
This could be the result of the pre-cracking procedure being slightly different among the
researchers or the fact that there is no uniform definition of a pre-cracked specimen. The
large scatter of data shown in Figure 4.26 may be attributed in part to the pre-cracking
techniques used by the different researchers. When a line load is applied to the shear
plane, the force is not exactly applied in an infinitesimally narrow region. This means that
a component of the applied force pushes the shear planes apart, which may cause
variability in data. Figure 4.31 is an illustration of this mechanism. However, the overall
trend of this plot shows an increase in shear strength with increasing unit weight of
concrete.

To study the effect of interface preparation, the studies mentioned above plus data
by Kahn and Mitchell (2002) are examined next. Again, only the specimens with a
reinforcement ratio p~0.013 were selected for the comparison. It must be noted that Kahn
and Mitchel studied high strength normalweight concrete monolithic and cold joint
specimens. Their cold joint specimens were not intentionally roughened, but a 1/4 in. as
cast roughness amplitude is reported in all but two of the specimens. Figures 4.27
through 4.30 summarize the normalized shear strength for all above mentioned studies
for different concrete types (normalweight, sand-lightweight, and all-lightweight). The
variable in these figures is the interface surface condition (monolithic uncracked and pre-
cracked, cold joint roughened and smooth). The specimens are grouped by the interface
condition. Figure 4.27 shows the normalized shear strength for all the normalweight
concrete specimens studied. In this figure, it is difficult to determine any trends in the
shear strength for the uncracked, pre-cracked, roughened, or smooth interface specimens.
The data that stand out are specimens studied by Kahn and Mitchell (2002). Due to the
normalization of data with respect to the compressive strength of concrete, the
normalized shear strength of these specimens is relatively low because of the relatively
high compressive strength. Figure 4.28 plots the same relation but without the Kahn and
Mitchell data. In this figure the effect of interface preparation is more pronounced. In this

figure, the average normalized shear strength for monolithic uncracked specimens is 0.27,
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monolithic pre-cracked is 0.25, cold joint roughened interface is 0.20, and cold joint
smooth interface is 0.15.

Figure 4.29 plots the normalized shear strength for the sand-lightweight concrete
specimens. The average normalized shear strength for monolithic uncracked specimens is
0.25, 0.21 for pre-cracked specimens, 0.23 for roughened interface specimens, and 0.17
for smooth interface specimens. Figure 4.30 shows the normalized shear strength for the
all-lightweight concrete specimens. The average normalized shear strength for monolithic
uncracked all-lightweight specimens is 0.24, monolithic pre-cracked 0.20, cold joint
roughened 0.18, and cold joint smooth 0.15.

Finally, Table 4.6 summarizes and compares the average normalized shear
strength (v/f’c) for each type of concrete (normalweight, sand-lightweight, and all-
lightweight) and each interface condition (monolithic uncracked, monolithic precracked,
cold joint roughened, and cold joint smooth) considering all specimens included in this
comparison. It can be seen from this table that, on average, as the unit weight of concrete
decreases so does the average normalized shear strength. It is also observed that there is a
correlation between interface preparation procedure and the average applied shear

strength.
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Table 4.6 Summary of Average Normalized Shear Strength (from Data in Appendix A)

Force

N

Resultant

Resultant
Force

Pre-cracking Tool

vu/f’c (psi/psi)

Concrete Type Monolithic Cold Joint

Uncracked | Pre-cracked | Roughened | Smooth
Normalweight 0.27 0.25 0.20 0.15
Sand-lightweight 0.25 0.21 0.23 0.17
All-lightweight 0.24 0.20 0.18 0.15

Applied

Force

Shear Specimen

v

Figure 4.31 Mechanism of Applying a Line Load During Pre-cracking

4.5. COMPARISON TO PCI AND ACI DESIGN PROVISIONS
This section examines the shear-friction design provisions discussed in the PCI
Design Handbook (2004, 2010) and the ACI 318 (2011, 2014) code in Section 2.3. These

provisions are evaluated with respect to the results presented in this research and also the

results presented in Section 4.4. This way the provisions are evaluated using a larger

database of data than just this thesis. Section 4.5.1 presents the equations and limits used

in shear-friction design in accordance with the PCI Design Handbook and ACI 318 code.

Section 4.5.2 compares the shear strength determined from the test data to the nominal

shear strength V,, computed using the PCI Design Handbook and the ACI 318 code using
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the coefficient of friction approach as described in Section 4.5.2. In Section 4.5.3, results
are compared on basis of the effective coefficient of friction i as allowed by the PCI
Design Handbook.

4.5.1. Shear-friction Design Provisions. This section presents the shear-friction
design equations and limits set forth by the PCI Design Handbook 6" and 7™ Editions
(2004 and 2011) and the ACI 318-11 (2011) and the ACI 318-14 (2014) codes. These
equations from the shear-friction provisions will be compared to the results of the test
data. Table 4.7 presents the limitations required by the above mentioned documents.
Table 4.8 summarizes the recommended shear-friction coefficients, and Table 4.9 offers
the lightweight concrete modification factors and friction coefficients. Detailed

discussion of the design provisions is provided in Section 2.3.

Table 4.7 Maximum Applied Shear Force Using Shear-friction Design Provisions

ACI 318-11 & ACI 318-14

th " th .
Case PI\SI:I 6VE_d|t‘|§>n PC,\I/|7 \E/d/ltlon Max V,

X V=0 Vi X VP Normalweight Concrete | Other
1 0.300°F A < 10000 A, | 0.30Af A < 10000A, |0.2F A, < (480+0.08F )A,
2 0.250%F A < 100002A,, | 0.25AF A < 10000 A < 1600A, 0.2f A, <
3 0.201%F A < 80022 0.20Af A < 800X 800A,

- CACI’ — ZACF CACI’ — ACI' OzchC < 800AC

4 0.301°F A < 800L“A, 0.20M cAcy < 800AA,
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Table 4.8 Summary of Recommended Shear-friction Coefficients

PCI 6" Editi pCI 7" Editi ACI318-11 &
Case | Crack interface condition ition ition ACI 318-14
K MaxX [e K Max He [0
1 Concrete to concrete, 14n | 34 | 140 | 34 140,
monolithic
p | Coneretetoconcrete, cold |y o, 159 | g | 29 1.0M
joint — roughened
Concrete to concrete, cold
3 joint — not intentionally 0.6\ 2.2 0.6\ N/A 0.6\
roughened
4 Concrete to steel 0.71 2.4 0.7M N/A 0.7M

Table 4.9 Summary of Lightweight Modification Factors and Coefficients of Friction for
Cold Joint Interface Condition Used by the PCI Design Handbook and ACI 318 Code

Normalweight Sand-lightweight All-lightweight
Factors
Smooth |Roughened| Smooth |Roughened| Smooth [Roughened
A 1.00 1.00 0.85 0.85 0.75 0.75
n 0.60 1.00 0.51 0.85 0.45 0.75

4.5.1.1 PCI Design Handbook 6™ Edition (2004). Equations 4.1 (PCI Eq.
4.3.6.1) and 4.2 (PCI Eq. 4.3.6.2) are presented in the PCI Design Handbook 6™ Edition.
These equations were previously discussed in Section 2.3.2.

P (4.1)
T of e
_ 10002A., 1 (4.2)

He v,
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These equations apply to all four interface conditions as described in Table 4.8.
Substituting Equation 4.2 into Equation 4.1 and realizing that V,=V/¢ and V=V A,
Equation 4.1 can be rearranged to obtain Equation 4.3:

v, = 31.62 /% (4.3)

Using similar substitutions, Equation 4.1 can be rewritten as Equation 4.4:

T 1 (4.4)
ply

The maximum values of P and V =¢V, are presented in Tables 4.7 and
4.8. The maximum value for fy is set to be 60 ksi per the PCI Design Handbook 6"
Edition. Variables A and p for each case are presented in Table 4.9.

4.5.1.2 PCI Design Handbook 7™ Edition (2011). Two approaches are

permissible in the PCI Design Handbook 7™ Edition to determine the shear reinforcement
required to cross the shear plane. These approaches were discussed in Section 2.3.3. The
first approach, Equation 4.8, which is also in the 6™ Edition of the PCI Design Handbook,
uses the effective coefficient of friction 1. where permissible. The second approach
allows for the use of coefficient of friction p. Equation 4.5 (PCI Eqg. 5-32a) presents the

second approach and can be used for all four cases described in Table 4.8.

A (4.5)

Equation 4.5 can be rearranged to obtain Equations 4.6 and 4.7 using the same

substitution described in Section 4.5.1.1.

n=— (4.6)
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Up = pfyu 4.7

The first approach allowed by the PCI Design Handbook 7" Edition implements
the use of the effective coefficient of friction. The required area of shear-friction
reinforcement is determined according to Equation 4.8 (PCI Eq. 5.32b). The coefficient

of friction is determined using Equation 4.9 (PCI Eqg. 5-33).

Vu

vf nyl.le
100014, (4.9)
He = - v
u

It must be noted that Equations 4.8 and 4.9 are only applicable for Cases 1 and 2
from Table 4.8, namely concrete to concrete — cast monolithically and concrete to
hardened concrete — roughened surface. The only difference between Equations 4.9 and
4.2 is the inclusion of the strength reduction factor ¢ in Equation 4.9. Equations 4.8 and

4.9 can be rearranged into Equations 4.10 and 4.11.

v, = 31.62 /pfy/lu (4.10)

n (4.11)
He = — :
° o
The maximum values for V/¢, u, and p. are presented in Tables 4.7 and 4.8. The
maximum value for fy is set to be 60 ksi per the PCI Design Handbook 7" Edition.

Parameters A and p for each case are calculated in Table 4.9.
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4.5.1.3 ACI 318-11 & ACI 318-14. Both ACI 318-11 (ACI Eq. 11-25) and ACI
318-14 (ACI Eq. 22.9.3.1) use Equation 4.12 to calculate the nominal shear strength.

Vo = Aysfyp (4.12)
Utilizing the relationship V,=v, A, Equation 4.13 is derived:
Un = pfylt (4.13)

Equation 4.13 can be rearranged into Equation 4.14:

_n
h=oF (4.14)

The maximum values for V,, are shown in Table 4.7. The coefficient of friction p
is applicable to all four cases of Table 4.8.

4.5.2. Shear Strength. This section compares values for shear strength v,
predicted by the current PCI Design Handbook (7™ Edition) and the ACI 318-14 code to
the shear strength of the test specimens v,. The predicted values are computed using the
effective coefficient of friction i from the PCI Design Handbook 7™ Edition for a
monolithic interface and a cold joint intentionally roughened interface (Eg. 4.10).
However, to verify if removing the effective coefficient of friction approach from the 7th
Edition of the PCI Design Handbook for cold joint smooth interface specimens was
justified (refer to Section 2.3.3), the limit (pe=2.2) from the PCI Design Handbook 6th
Edition is used for this case. The predicted vn values by the ACI 318-14 are the same as
the values predicted by the PCI Design Handbook 7th Edition for all four cases from
Table 4.8 using the coefficient of friction approach (Eq. 4.7 and 4.13). The maximum
values for the predicted vn values are based on Table 4.7. Using the coefficient of friction
approach p (PCI Design Handbook 7th Edition and ACI 318-14), the predicted value of

vn is computed using Equations 4.7 and 4.13. The values of (i are presented in Table 4.9.
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Using the effective coefficient of friction pe approach, the predicted values are computed
using Equation 4.10.

Cold joint roughened and smooth interface values predicted are compared to the
experimental data from tests reported in this thesis as well as the data from Shaw (2013).
Cold joint interface specimens are presented in Figures 4.32 through 4.37. Figure 4.32
compares the of shear strength of the normalweight smooth interface specimens to the
predicted values by Equations 4.10 and 4.13. It can be seen that the for 8000 psi concrete
specimens by Shaw, the predictions are conservative (for the purpose of this research any
experimental value greater than the predicted value for that experiment is considered
conservative). However, for concrete with compressive strength of 5000 psi the PCI
Design Handbook 7™ Edition prediction is not always conservative (This is only true for
one normalweight concrete specimens with a smooth interface condition.). It can be seen
from Figures 4.33, 4.34, 4.36, and 4.37 that both the PCI Design Handbook and the ACI
318 code predictions are conservative regardless of aggregate type, interface preparation,
or the unit weight of concrete, with the one exception noted previously.

Monolithic interface uncracked and pre-cracked values are compared to the
experimental data from this thesis, as well as the monolithic interface data from Hofbeck
et al. (1969) and Mattock et al. (1976). The data from these publications was previously
presented in Section 4.4. It must be noted that the PCI Design Handbook and the ACI
318 code do not account for the effect of pre-cracking, therefore pre-cracked monolithic
specimens were compared to the same predicted values as the uncracked monolithic
specimens. However, they are presented separately in Figures 4.38 through 4.45. Figures
4.38 through 4.40 show monolithic uncracked specimens for normalweight, sand-
lightweight, and all-lightweight concrete specimens, respectively. It can be seen that the
values for all uncracked specimens are predicted conservatively by the PCI Design
Handbook and ACI 318 code. Figures 4.41 through 4.43 show monolithic pre-cracked
specimens for normalweight, sand-lightweight, and all-lightweight concrete specimens,
respectively. Some of the pre-cracked specimen experimental data were uncoservatively
predicted by the PCI Design Handbook and ACI 318 code in Figures 4.41 through 4.43.
This implies that once the crack has been formed in a precast monolithic element, the PCI

Design Handbook and ACI Code approach to calculating shear strength may not be
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conservative if the lightweight modification factor A is not included in the design
equations.

Figure 4.44 compares the of shear strength v, of the monolithic uncracked
specimens with Equations 4.10 and 4.13 (with A=1.0). It should be noted that the unit
weight of concrete is not constant throughout the data plotted in Figure 4.44. 1t was
chosen to use PCI Design Handbook 7™ Edition and ACI 318-14 predictions for
normalweight concrete (A=1.0) in order to examine whether the lightweight modification
factor is needed in the design equations for monolithic uncracked specimens. It can be
seen in Figure 4.44 that the values of v, are predicted conservatively without taking into
account the lower mechanical properties of lightweight aggregate concrete. However,
similar plots of monolithic pre-cracked and cold joint roughened and smooth interface are

not conservative.
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Figure 4.32 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for
Normalweight Concrete Specimens with Smooth Interface (A=1.0, u=0.60)
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Figure 4.33 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for Sand-
lightweight Concrete Specimens with Smooth Interface (A=0.85, u=0.51)
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Figure 4.34 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for All-
lightweight Concrete Specimens with Smooth Interface (A=0.75, u=0.45)
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Figure 4.35 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for
Normalweight Concrete Specimens with Roughened Interface (A=1.0, u=1.0)
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Figure 4.36 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for Sand-
lightweight Concrete Specimens with Roughened Interface (A=0.85, u=0.85)
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Figure 4.37 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for All-
lightweight Concrete Specimens with Roughened Interface (A=0.75, u=0.75)
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Figure 4.38 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for

Normalweight Concrete Specimens with Monolithic Uncracked Interface (A=1.0, u=1.4)
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Figure 4.39 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for Sand-
lightweight Concrete Specimens with Monolithic Uncracked Interface (A=0.85, n=1.19)
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Figure 4.40 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for All-
lightweight Concrete Specimens with Monolithic Uncracked Interface (A=0.75, u=1.05)
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Figure 4.41 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for
Normalweight Concrete Specimens with Monolithic Pre-cracked Interface (A=1.0, u=1.4)
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Figure 4.42 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for Sand-
lightweight Concrete Specimens with Monolithic Pre-cracked Interface (A=0.85, u=1.19)
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Figure 4.43 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for All-
lightweight Concrete Specimens with Monolithic Pre-cracked Interface (A=0.75, n=1.05)
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Figure 4.44 Comparison of Shear Strength v, with Equations 4.10 and 4.13 for

Monolithic Uncracked Concrete Specimens (with A=1.0, u=1.4)
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4.5.3. Effective Coefficient of Friction, .. Results from the experiments
described in Section 3.6 of this thesis are compared in this section to the predicted values
of the effective coefficient of friction pe. The effective coefficient of friction is predicted
using Equation 4.9 as proposed by the PCI Design Handbook (2010). However, as
described in Sections 2.3.3 and 4.5.1.2, this equation is not applicable to Case 3 (concrete
placed against hardened concrete not intentionally roughened). For this reason, the
maximum value for i for Case 3 was taken from the PCI Design Handbook 6" Edition
(He=2.2). The maximum value for V /¢ is also taken into account as presented in Table
4.7. In this section, it is examined if the equation for | is conservative for the cold joint
specimens studied in this thesis. Data analyzed in this section includes results from the
Shaw (2013) study as well. Results from the monolithic specimens from this study along
with data from Hofbeck (1969) and Mattock (1976) are compared to the predictions
according to the Handbook (2010).

It must be made clear that the values of L presented for each test specimen are
calculated using Equation 4.11 with v,= ¢v, where ¢$=1.0. The shear interface
reinforcement yield point fy is taken as the actual reported yield point (i.e., not limited to
60,000 psi). Lastly, only specimens with reinforcement ratios identical to the specimens
in this thesis (i.e., p = 0.013) were taken from previous studies.

Figures 4.45 and 4.46 compare the measured values of L. to the predicted values
for roughened interface sand-lightweight and all-lightweight concrete, respectively. Both
figures show conservative (to the right and above the predicted values) correlation
between the actual test results and predicted values. All values are predicted
conservatively regardless of the concrete compressive strength or the lightweight
aggregate type. With increasing concrete compressive strength it is observed that the
level of conservatism also increases. Even though the values are conservative for all
lightweight aggregate types, it should be recognized that the least conservative value is
for the clay aggregate specimens in both sand-lightweight and all-lightweight concrete
specimens.

Figures 4.47 and 4.48 compare the measured values L to the predicted values for

smooth interface sand-lightweight and all-lightweight concrete, respectively. With
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increasing concrete compressive strength, an increasing level of conservatism is
observed. The values are conservative for all lightweight aggregate types.

Figures 4.49 through 4.51 for monolithic concrete specimens show conservative
correlation between the test results and the predicted values of . for all uncracked
specimens. This, however, is not true for some normalweight, sand-lightweight, and all-
lightweight monolithic pre-cracked specimens in Figures 4.49 through 4.51. This is in
agreement with the statement in Section 4.4 that the pre-cracking procedure introduces a
new variable depending on pre-cracking procedure. For uncracked specimens, the test

values of i, calculated from the results were conservative regardless of concrete type.
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Figure 4.45 Analysis of the Effective Coefficient of Friction for Sand-lightweight
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Figure 4.46 Analysis of the Effective Coefficient of Friction for All-lightweight Concrete

with Roughened Interface
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Figure 4.47 Analysis of the Effective Coefficient of Friction for Sand-lightweight

Concrete with Smooth Interface
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Figure 4.48 Analysis of the Effective Coefficient of Friction for All-lightweight Concrete

Smooth Interface
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Figure 4.50 Analysis of the Effective Coefficient of Friction for Sand-lightweight
Concrete with Monolithic Interface
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As shown in Figures 4.45 through 4.49, the results for cold joint interface
concrete specimens were conservative compared to the predicted values. This prompted
the following question. In the calculation of p. using Equation 4.9, the modification
factor for use of lightweight aggregate A is included explicitly. This equation is also a
function of shear-friction coefficient p that also includes the lightweight aggregate
modification factor. As a result, Equation 4.9 includes the term A twice (i.e., A%) causing
the predicted values to be extremely conservative. This level of conservatism may not be
necessary in predicting of the effective coefficient of friction p. Figures 4.52 and 4.53
plot the effective coefficient of friction for roughened and smooth cold joint interface
specimens, respectively, without considering the lower mechanical properties of
lightweight aggregate concrete. Values of v, are averaged for the specimens of the same
concrete type and interface condition. In Figure 4.52 all concrete types are combined
(normalweight, sand-lightweight, and all-lightweight) and are compared to the value of .
computed for the normalweight roughened interface condition (A=1.0 and p=1.0). It is
observed that most of the values are still predicted conservatively. The only
unconservative test results are the all-lightweight slate and the all-lightweight clay.
Figure 4.53 plots the same relation for all smooth interface cold joint specimens. The
prediction in this figure is for normalweight smooth interface condition (A=1.0 and
p=0.6). It is observed that nearly all test results are predicted conservatively. The only
unconservative test result is the 5000 psi normalweight concrete specimen with a smooth
interface tested by Shaw (2013). By examining at the results from Figures 4.52 and 4.53,
the use of A2 term in Equation 4.9 can be questioned. Further discussion and proposed

revisions are included in Section 4.5.4.
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Figure 4.52 Analysis of the Effective Coefficient of Friction for All Roughened Interface
Specimens (u=1.0) with A=1.0 for all Concrete Types
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4.5.4. Proposed Revisions to Effective Coefficient of Friction. As pointed out
by Tanner (2008), there is confusion regarding why the lightweight modification factor A
is accounted for twice (resulting in the factor %) in calculating of the effective coefficient
of friction e in the PCI Design Handbook 7™ Edition (Eq. 4.9). One term is explicitly
included in Equation 4.9 and the other comes from the shear-friction coefficient p (Table
4.8). It was shown in Figures 4.45 through 4.48 that including both A terms results in
conservative prediction for the shear strength in all types of lightweight concrete. This
section proposes removing the explicit A term from Equation 4.9. The use of lightweight
concrete aggregate is accounted for only in the shear-friction coefficient p. This proposed

equation is shown in Equation 4.15.

_ 9100041 (4.15)

I”l‘e l/.u

where A is the area of the crack interface, V, is the applied shear force, and u is the
shear-friction coefficient as defined in Table 4.8. The limits used for the upper bounds are
consistent with the limits of the PCI Design Handbook 7™ Edition presented in Table 4.7.
It must be noted that the Equation 4.15 does not change the values that would be
predicted for normalweight concrete specimens because A=1.0. Therefore the
normalweight concrete figures will not be included in the following discussion. Figures
4.54 through 4.59 re-plotted the Figures 4.45 through 4.51 with the exception of Figure
4.49 (normalweight concrete). However, Figures 4.54 through 4.59 also include the
proposed Equation 4.15, including the proposed limits for monolithic, roughened, and
smooth interface conditions. Figure 4.54 demonstrates that Equation 4.15 conservatively
predicts the shear strength for roughened interface cold joint sand-lightweight specimens
of all concrete strengths. Figure 4.55 shows that Equation 4.15 also conservatively
predicts shear strengths for roughened interface cold joint all-lightweight specimens.
Figure 4.56 demonstrates that the Equation 4.15 conservatively predicts the shear
strength for smooth interface cold joint sand-lightweight specimens of all concrete
strengths. Figure 4.57 shows that Equation 4.15 also conservatively predicts shear

strengths for smooth interface cold joint all-lightweight specimens. Figures 4.58 and 4.59
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demonstrate that the Equation 4.15 is not conservative for all tests on to sand-lightweight
and all-lightweight concrete specimens with a monolithic interface. It must be noticed,
that the unconservative value for the pre-cracked sand-lightweight specimen in Figures
4.58 and the unconservative values for the pre-cracked all-lightweight specimen in Figure
4.59 are unconservative for Equation 4.9 as well.

These results demonstrate that the shear-friction coefficient u alone is enough to
account for the reduced mechanical properties of lightweight aggregate concretes in

effective coefficient of friction calculations, and the additional A term may not be needed.
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5. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

5.1. SUMMARY

This study examined the influence of concrete unit weight and lightweight
aggregate type on the direct shear transfer across a concrete surface with different
interface conditions, including monolithic and cold joints. Cold joint interfaces are
common in precast and prestressed concrete elements such as corbels, composite
sections, or connections of shear walls to foundations. In these cases, the shear-friction
design provisions are used to design for the interface shear. The shear-friction design
provisions in the PCI Design Handbook and the ACI 318 code are mainly empirical and
based on experimental data. Limited data exists with respect to lightweight aggregate
concretes. However, increasing use of lightweight concrete motivated this research to
determine the validity and conservatism of the current shear-friction design provisions for
sand-lightweight and all-lightweight concretes.

This thesis evaluated the results of 28 push-off type normalweight and lightweight
concrete specimens. The specimens were cast either monolithically (12 total) or non-
monolithically (16 total). Each specimen’s target concrete compressive strength was 5000
psi. The unit weight of concretes used ranged between 88 pcf to 148 pcf. The specimens
had the shear plane area of 49.5 in® that was crossed with three closed No. 3 deformed
steel reinforcing bars with total steel cross sectional area of 0.66 in® resulting in a
reinforcement ratio of 0.013. For the non-monolithic (cold joint) specimens, the shear
plane was either troweled smooth or roughened to an average amplitude of 0.25 in.
Lightweight aggregates used to make the lightweight concretes were expanded shale,
expanded slate, and expanded clay. Data presented for each series included applied shear
force — slip, applied shear force — dilation, applied shear force — strain, slip — strain, slip —
dilation, and dilation — strain relations. Results were compared with the results of
previous researchers. The new results were then combined with the results of previous
researchers and compared to current design provisions of PCI Design Handbook and ACI
318 code.



143

5.2. CONCLUSIONS
Based on the results of this study alone, the following conclusions are made:

1. The shear strength of monolithic interface specimens increased with increasing
unit weight for both uncracked and pre-cracked specimens.

2. The shear strength of cold joint specimens with 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
concrete type (unit weight of concrete).

3. The shear strength of roughened interface cold joint specimens was higher than
the shear strength of smooth interface cold joint specimens regardless of
lightweight aggregate type.

4. The sand-lightweight concrete specimens achieved a higher shear strength than
the all-lightweight concrete specimens with the same lightweight aggregate type
for roughened and smooth cold joint interfaces as well as uncracked and pre-
cracked monolithic interfaces.

5. A pre-existing crack reduced the shear strength of normalweight, sand-
lightweight, and all-lightweight concrete specimens relative to the corresponding
uncracked specimens. The percent difference between uncracked and pre-cracked
specimens ranged from 5.7 to 8.9%. However, the average residual shear strength
was higher in the pre-cracked specimens.

6. The shear strength appeared to be influenced by aggregate type for roughened
cold joint interface specimens. The shear strength of concretes made with
expanded slate aggregate was larger than the shear strength of concrete made with
expanded clay aggregate for roughened interface cold joint specimens. The shear
strength of specimens with smooth interface appeared to be independent of the
aggregate type.

7. The shear strength was predicted conservatively by the PCI Design Handbook 6™
Edition coefficient of friction approach, the 7" Edition effective coefficient of
friction approach, and the ACI 318-14 code which is identical to PCI design

Handbook 7™ Edition coefficient of friction approach for all cold joint interface
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specimens studied in this program regardless of aggregate type, concrete type, or
surface condition.

8. The effective coefficient of friction . used by the PCI Design Handbook was
found to be conservative for sand-lightweight and all-lightweight cold joint

specimens regardless of lightweight aggregate type or interface condition.

Based on the results of this study and the studies conducted by previous

researchers, the following conclusions are made:

1. The value of the effective coefficient of friction p used in the PCI Design
Handbook 7™ Edition was found to be conservative for all of the lightweight (i.e.,
sand-lightweight and all-lightweight) concrete cold joint specimens included in
this study regardless of the surface condition or aggregate type.

2. The sand-lightweight concrete aggregate with highest shear transfer strength was
found to be the expanded shale, followed by the expanded slate, and finally the
expanded clay. This was true for both roughened and smooth interface conditions.

3. The all-lightweight concrete aggregate with the highest shear transfer strength
was found to be the expanded slate, followed by the expanded clay, followed by
the expanded shale. This was true for both roughened and smooth interface
conditions.

4. The shear strength was predicted conservatively by both the PCI Design
Handbook 7™ Edition using both approaches (i.e., 1 and ) and the ACI 318-14
code for all sand-lightweight and all-lightweight concrete non-monolithic
specimens presented in this study regardless of aggregate type or interface
condition.

5. The shear strength of monolithic uncracked concrete specimens can be
conservatively predicted using the lightweight concrete modification factor A=1.0
(normalweight concrete case) for normalweight and sand-lightweight concrete
using the PCI Design Handbook 7™ Edition using the p and . approaches. It can
also be predicted conservatively (using the same A=1.0) by the ACI 318-14 code
for all concrete types (unit weights).
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6. The use of the lightweight concrete modification factor A in the calculation of the
effective coefficient of friction was deemed very conservative for all of the
normalweight and sand-lightweight concrete roughened interface cold joint
specimens as demonstrated in Figure 4.47. This, however, was not true for all all-
lightweight concrete specimens.

7. The use of the lightweight concrete modification factor A in the calculation of the
effective coefficient of friction was found very conservative for all of the sand-
lightweight and all-lightweight concrete smooth interface cold joint specimens.

5.3. RECOMMENDATIONS FOR DESIGN EQUATIONS

As discussed in Section 4.5.3, the effective coefficient of friction L, is computed
conservatively using the PCI Design Handbook approach for sand-lightweight and all-
lightweight non-monolithic concrete specimens regardless of the interface condition or
lightweight aggregate type. That is, p is predicted conservatively for Case 2 and Case 3
of PCI Design Handbook approach. However, the use of the effective coefficient of
friction . is not permitted for concrete placed against concrete that is not intentionally
roughened (Case 3) in the PCI Design Handbook 7™ Edition. It was shown by these tests
that using the approach of the PCI Design Handbook 7™ Edition with the limits for e
from the PCI Design Handbook 6" Edition (Case 3) the values are predicted
conservatively. Therefore it is recommended that the PCI Design Handbook 7™ Edition
approach be permitted to be used in Cases 1 through 3 with the limits for p from PCI
Design Handbook 6™ Edition.

It was also shown in Section 4.5.3 that value of the effective coefficient of friction
He computed using the PCI Design Handbook 7™ Edition was very conservative for
normalweight and sand-lightweight concrete with roughened interface cold joint
specimens. Likewise, it was also found very conservative for all concrete types with a
smooth cold joint interface. The effect of the lightweight modification factor A is
exacerbated because it is squared in the calculation of the effective coefficient of friction
Me in the PCI Design Handbook which led to very conservative results for the lightweight
aggregate concretes. Results from this research show re-evaluation of this modification

factor, A for the purposes of calculating the effective coefficient of friction e is
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warranted. An equation for P was proposed in Section 4.5.4 in which the term A is not

squared (see Equation 4.15). Equation 4.15 was shown to predict the shear transfer

strengths conservatively for roughened and smooth interface cold joint specimens of all

lightweight aggregate types, unit weights of concrete, and compressive strengths.

5.4. RECOMMENDATIONS FOR FUTURE WORK

The variables included in this study were lightweight aggregate type, unit weight

of concrete, and shear interface condition (monolithic and cold joint). However, other

parameters have been shown to influence the shear transfer strength. Following are

recommendations for future work:

1.

The lightweight aggregates used in this study (expanded shale, slate, clay) all had
the same maximum nominal size (3/8 in.). Follow-up research is needed to
investigate the influence of maximum aggregate size on shear-friction in cold
joint specimens.

For the purposes of this research the compressive strength of each lightweight
aggregate type concrete was nominally the same. Further investigation is needed
to determine the effect of various compressive strengths for each lightweight
aggregate type concrete.

The size of shear plane for the push-off type specimens has not changed much
throughout the history of shear-friction investigation. It is recommended to
examine the effect of the shear plane area (keeping the reinforcement ratio
constant) on shear transfer capacity.

In this study, the casting of the two parts of cold joint specimens was performed
with an eight-hour delay to eliminate differences in compressive strength of
concretes. This, however, is not the case in the precast prestressed concrete
industry. Further research is needed to investigate the influence of longer time
period between the casting of the two sections on the shear transfer strength.
During the process of this research, it was found that there is no uniform
procedure used in pre-cracking monolithic specimens. This may be one of the
causes for the relatively large amount of scatter in the data for specimens with a

monolithic pre-cracked interface. It would be beneficial for the consistency of
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data to determine the most efficient and uniform way to pre-crack the push off

type specimens.
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Table A.2 Summary of Previous Research Used for Analysis
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f_at "
) Concrete| Interface s Va Va vi /T,
Researcher| Specimen ID Feme | Coutition test day (kip) | (psi) |(psi/psi)
(psi)

13A NW | Uncracked | 3840 | 550 1100 02

Hofbeck. 13B NW | Uncracked | 3920 | 533 | 1070 | 027
[brahim_and 21 NW  |Pre_cracked| 3900 |420]| 840 | 022
Mattocl 33 NW  |Pre-cracked| 3100 | 340 | 680 | 022
1969 43 NW  |Pre-cracked| 4340 | 3590|1180 | 027
53 NW  |Pre-cracked| 2385 |4035| 810 | 034

B3 SLW |Pre-cracked| 3910 | 420 840 | 021

Cc3 SLW |Pre-cracked| 2000 | 263 | 326 | 026

D3 SLW |Pre-cracked| 5710 [386| 772 | 0.14

F3 ATW |Pre-cracked| 40635 [367| 734 | 0.18

Mattock. Li, F3A ATW |Pre-cracked| 3970 [351| 702 | 0.1%8
and Wang, H3 ALW |Pre-cracked| 4100 [ 433 | 866 | 0.21
1976 NW  |Pre-cracked| 3995 |[480| 950 | 024
A3 SLW | Uncracked | 3910 | 510 1020 026

E3 ALW | Uncracked | 4065 [ 480 | 950 | 024

G3 ATW | Uncracked | 4100 [530| 1060 | 0.26

N3 NW | Uncracked | 3995 [ 555 | 1110 028

SE-7-3-CJ NW | ColdJoint | 12471 |110.3| 1838 | 0.15
SF-10-3-CJ | NW | ColdJomt | 12953 |113.2| 1899 | 0.15
SE-14-3-CJ | NW | ColdJont | 15218 |134.7| 2243 | 0.15

SF-4.3.C NW  |Pre-cracked| 6805 | 711 1186 | 0.17

SE-7-3-C NW  |Pre-cracked| 13103 | 713 | 1192 | 009

Kahnand | SF-10-3-C-a| NW |Pre-cracked| 16170 | 647 | 1078 | 0.07
Mitchell | SF-10-3-C-b| NW |Pre-cracked| 13924 [ 6324 | 1036 | 008
2002 SF-14-3-C NW  |Pre-cracked| 15392 | 555 | 925 | 006
SF-4-3.U NW | Uncracked | 6805 | 85.8 | 1431 | 021

SF-73.U NW | Uncracked | 13103 [1384]| 2307 | 0.18
SF-10-3-U-a| NW | Uncracked | 16170 |144 8| 2414 | 0.15
SF-103-Ub| NW | Uncracked | 13934 [1479| 2465 | 0.18
SF-14.31.U NW | Uncracked | 16235 [1462] 2437 | 0.15
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fat
Baaiiibi Ssocmen 10 Concrete Iu!er‘fir te | fest ‘1.:,. ru' Ttl.flfc
Type | Condition | day |(kip)| (psi) | (psi‘psi)
(psi)
N-3-RH4 NW Cold Jomt | 4860 | 391 | 1193 | 0.25
N-3-R-3 NW Cold Jomt | 4860 | 534 | 1070 | D22
N-3-R-6 NWwW Cold Jomtr | 4860 | 334 | 1080 | 022
N-3-54 NW Cold Joint | 4860 | 30.9 | §23 0.13
N-3-8-3 NW Cold Jomt | 4860 | 34.7 | 701 0.14
N-3-5-6 NW Cold Jomt | 4860 | 39.2 | 791 0.16
S-5-R-1 SLW | Cold Jomt | 4380 | 5314 | 1039 | 023
S-3-R-2 SLW | Cold Jome | 4580 | 504 | 1018 | ©.22
5-3-E-3 SLW | Cold Jomt | 4580 | 63.8| 1291 0.28
§-3-8-1 SLW | Cold Jomt | 4580 | 385 | 778 0.17
5-5-8-2 SLW | Cold Jome | 4380 | 341 | o680 0.15
5-3-5-3 SEW | Cold Joine | 4580 | 398 | 804 018
A-5-R-1 ALW | Cold Jjomt | 6080 | 484 | 270 0.16
A-5-R-2 ALW | Cold Jomt | 6080 | 52.8 | 1067 | 0.I8
A-5-R-3 ALW | Cold Jommt | G080 | 514 | 1039 | 017
A-5.5-1 ALW | Cold Joint | 6080 | 41.5 | 838 0.14
A-5-85-2 ALW | Cold Jomt | 6080 | 401 | 810 0.13
A-5-5-3 ALW | Cold Jomt | &080 | 39.2 | 793 0.13
Shav, 2013 N-E-R-1 NwW Cold Fommt | 7330 | 740 | 1496 | 020
N-8-R-2 NW Cold Joime | 7550 | 361 | 1133 | 0.15
N-B-R-3 NW Cold Jomt | 7330 | 64.1 | 1296 | 0.17
N-8-5-1 NW Cold Jomt | 7550 | 656 | 1324 | 0.8
N-8-8-2 NwW Cold Fommt | 7350 | 333 | 1077 | 0.14
N-§-5-3 NW Cold Jomt | 7350 | 553 | 1118 ] 0.15
5-8-E-1 SLW | Cold Jomt | 7200 | 720 | ¥55 | 0.20
S-8-R-2 SLW | Cold Jomt | 7200 | 674 | 1361 0.18
5-8-R-3 SLW | ColdJoint | 7200 | 66.7 | 1348 | 0.18
3-8-5-1 SLW | Cold Jomt | 7200 | 67.0 | 1354 | 0O.1@
5-8-5-2 SLW | Cold Jomt | 7200 | 57.9 | 1169 | O0O.16
5-8-8-3 SLW | Cold Jome | 7200 | 58.9 | 1189 | O0.I7
A-8-R-1 ALW | Cold Jomt | 7843 [ 61.8 | 1248 | O0.16
A-8-R-2 AEW | Cold Jomt | 7843 | 63.0| 1292 | 0.16
A-8-R-3 ALW | Cold Jount | 7843 | 641 | 1285 | 0.17
A-B-5-1 ALW | Cold Jomt | 7843 | 461 931 0.12
A-§-5-2 ALW | Cold Joint | 7843 | 48.0 | 970 0.12
A-B-S5-3 ALW | ColdJomt | 7843 [ 317 1045 ] 0.13
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Table A.3 Database of Monolithic Uncracked Push-off Type Specimens without External

Axial Force

. Concrete f'c ACF fy, actual fy,specified Vu Vu
Researcher(s) Specimen ID Type (psi) (inz) p (psi) (psi) (tbs) | (psi)
1.1A NWC 3920 | 50 | 0.004 | 50700 | 40000 | 37500 | 750

1.1B NWC 4340 | 50 [ 0.004 [ 48000 | 40000 | 42200 | 844
1.2A NWC 3840 | 50 | 0.009 | 50700 | 40000 | 50000 | 1000

1.2B NWC 4180 | 50 [ 0.009 [ 48000 | 40000 | 49000 | 980
1.3A NWC 3840 | 50 | 0.013 | 50700 | 40000 | 55000 | 1100
Hofbeck, Ibrahim, and 1.3B NWC 3920 | 50 | 0.013 | 48000 | 40000 | 53500 | 1070
Mattock, 1969 1.4A NWC 4510 | 50 [ 0.018 [ 50700 | 40000 | 68000 | 1360
1.4B NWC 3855 | 50 | 0.018 | 48000 | 40000 | 64000 | 1280
15A NWC 4510 | 50 [ 0.022 [ 50700 | 40000 | 70000 | 1400
1.5B NWC 4065 | 50 | 0.022 | 48000 | 40000 | 69200 | 1384
1.6A NWC 4310 | 50 | 0.026 | 50700 | 40000 | 71600 | 1432
1.6B NWC 4050 | 50 | 0.026 | 48000 | 40000 | 71000 | 1420

Al SLW 3740 | 50 | 0.004 | 47700 | 40000 | 37900 | 758

A2 SLW 4095 | 50 | 0.009 | 53600 | 40000 | 45700 | 914
A3 SLW 3910 | 50 | 0.013 | 53200 [ 40000 | 51000 | 1020
Ad SLW 4100 | 50 | 0.018 | 50900 | 40000 | 55000 | 1100
A5 SLW 3960 | 50 | 0.022 | 50900 [ 40000 | 59500 | 1190
A6 SLW 4250 | 50 | 0.026 | 51800 | 40000 | 67200 | 1344

El ALW 4150 | 50 | 0.004 | 52300 | 40000 | 39000 | 780

E2 ALW 4030 | 50 | 0.009 | 52300 | 40000 | 43600 | 872

E3 ALW 4065 | 50 | 0.013 | 52300 | 40000 [ 48000 | 960
E4 ALW 4040 | 50 | 0.018 | 53200 | 40000 | 57500 | 1150
E5 ALW 4115 | 50 | 0.022 | 50500 [ 40000 | 60000 | 1200
Mattock, Li, and Wang, E6 ALW 4050 | 50 | 0.026 | 52300 | 40000 | 62500 | 1250
1976 Gl ALW 4145 | 50 | 0.004 | 52300 | 40000 | 41000 | 820

G2 ALW 3880 | 50 | 0.009 | 50500 | 40000 | 42300 | 846
G3 ALW 4100 | 50 | 0.013 | 51800 [ 40000 | 53000 | 1060
G4 ALW 4420 | 50 | 0.018 | 53200 | 40000 | 57500 | 1150
G5 ALW 4005 | 50 | 0.022 | 51800 [ 40000 | 57000 | 1140
G6 ALW 4005 | 50 | 0.026 | 51800 [ 40000 | 59500 | 1190

M1 NWC 4180 | 50 | 0.004 | 50900 | 40000 | 38000 | 760

M2 NWC 3900 | 50 | 0.009 [ 52700 [ 40000 | 49000 | 980
M3 NWC 3995 | 50 [ 0.013 [ 52300 [ 40000 | 55500 | 1110
M4 NWC 4150 | 50 | 0.018 | 50900 [ 40000 | 57000 | 1140
M5 NWC 3935 | 50 [ 0.022 [ 52700 [ 40000 | 64000 | 1280
M6 NWC 4120 | 50 | 0.026 | 52700 [ 40000 | 66000 | 1320
F1U NWC 4035 | 84 | 0.016 | 52200 [ 40000 | 114996 | 1369
F4U NWC 4175 | 84 | 0.016 | 53200 [ 40000 | 96012 | 1143
Mattock, Johal, and F6U NWC 4245 | 84 | 0.016 [ 51000 | 40000 | 89544 | 1066
Chow, 1975 E1U NWC 4060 | 84 | 0.010 [ 52700 | 40000 | 91476 | 1089
E4U NWC 3860 | 84 | 0.010 [ 49100 [ 40000 | 79464 | 946

E6U NWC 4120 | 84 | 0.010 [ 50800 [ 40000 | 50988 | 607
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Researcher(s) Specimen ID Concrete f'c_ Aer P b, actual fy’s"“‘_“e" Vu Vu
Type | (psi) | (in%) (psi) (psi) | (lbs) | (psi)
SF-4-1-U NWC 6805 60 0.004 | 69500 60000 57900 | 965
SF4-2-U NWC 6805 60 0.007 | 69500 60000 80100 | 1335
SF-4-3-U NWC 6805 60 0.011 [ 69500 60000 85860 | 1431
SF-7-1-U NWC |[11734| 60 | 0.004 | 83000 60000 | 87540 | 1459
SF-7-2-U NWC 12410 | 60 0.007 | 83000 60000 | 118140 | 1969
SF-7-3-U NWC | 13103 | 60 | 0.011 | 83000 60000 | 138420 | 2307
SF-7-4-U NWC 12471 60 0.015 [ 83000 60000 | 149100 | 2485
SF-10-1-U-a NWC | 12053 | 60 | 0.004 | 83000 | 60000 | 100080 | 1668
Kahn and Mitchell, SF-10-1-U-b NWC 14326 | 60 0.004 | 83000 60000 91860 | 1531
2002 SF-10-2-U-a NWC | 14767 | 60 | 0.007 | 83000 | 60000 | 130680 | 2178
SF-10-2-U-b NWC 14804 | 60 0.007 | 83000 60000 | 124080 | 2068
SF-10-3-U-a NWC 16170 | 60 0.011 | 83000 60000 | 144840 | 2414
SF-10-3-U-b NWC 13934 | 60 0.011 | 83000 60000 | 147900 | 2465
SF-10-4-U-a NWC 15468 | 60 0.015 | 83000 60000 | 156060 | 2601
SF-10-4-U-b NWC 16476 | 60 0.015 | 83000 60000 | 160020 | 2667
SF-14-1-U NWC 17957 | 60 0.004 | 83000 60000 94980 | 1583
SF-14-2-U NWC 17362 | 60 0.007 | 83000 60000 | 108480 | 1808
SF-14-3-U NWC 16255 | 60 0.011 | 83000 60000 | 146220 | 2437
SF-14-4-U NWC 16059 | 60 0.015 | 83000 60000 | 156000 | 2600
615-3A NWC 4220 | 160 | 0.004 | 67300 60000 | 112500 | 700
615-3B NWC 4220 | 160 | 0.004 | 67300 60000 96500 | 590
615-4A NWC 4220 | 160 | 0.007 | 61500 60000 | 114500 | 690
Harries, Zeno, and 615-4B NWC 4220 | 160 | 0.007 | 61500 | 60000 | 129000 [ 790
Shahrooz, 2012 1035-3A NWC 4220 | 160 | 0.004 | 130000 | 100000 | 90000 | 570
1035-3B NWC 4220 | 160 | 0.004 | 126000 [ 100000 | 105000 | 650
1035-4A NWC 4220 | 160 | 0.007 | 140000 | 100000 | 135700 | 840
1035-4B NWC 4220 | 160 | 0.008 | 131300 | 100000 | 113500 | 710
N-MO-U-1 NWC 4840 | 49.5 | 0.013 | 72200 60000 63410 | 1281
N-MO-U-2 NWC 4840 | 49.5 | 0.013 | 72200 | 60000 62203 | 1257
Krc, 2015 S-SH-MO-U-1 SLW 4770 | 49.5 ] 0.013 | 72200 60000 55434 | 1120
S-SH-MO-U-2 SLW 4770 | 49.5 | 0.013 | 72200 60000 56588 | 1143
A-SH-MO-U-1 ALW 4700 | 49.5 | 0.013 | 72200 60000 52032 | 1051
A-SH-MO-U-2 ALW 4700 | 49.5 | 0.013 | 72200 60000 52549 | 1062
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Table A.4 Database of Monolithic Pre-cracked Push-off Type Specimens without
External Axial Force

: Concrete f'c ACF fy, actual fy,specified Vu Vu
Researcher(s) Specimen ID Type (psi) (inz) p (psi) (osi) (Ibs) (osi)
2.1 NWC 3100 50 0.004 | 50700 40000 29500 590
2.2 NwWC 3100 50 0.009 | 50700 40000 34000 680
2.3 NWC 3900 50 0.013 | 50700 40000 42000 840
2.4 NWC 3900 50 0.018 | 50700 40000 50000 1000
25 NwWC 4180 50 0.022 | 50700 40000 65000 1300
2.6 NWC 4180 50 0.026 | 50700 40000 69250 1385
3.3 NWC 3100 50 0.004 | 50700 40000 34000 680
34 NwWC 4040 50 0.008 | 47200 40000 51400 1028
Hofbeck, Ibrahim, 35 NWC 4040 50 0.012 | 42400 40000 57600 1152
and Mattock, 4.1 NWC 4070 50 0.004 | 66100 40000 35200 704
1969 4.2 NwWC 4070 50 0.009 | 66100 40000 49000 980
4.3 NWC 4340 50 0.013 | 66100 40000 59000 1180
4.4 NWC 4340 50 0.018 | 66100 40000 70000 1400
4.5 NwWC 4390 50 0.022 | 66100 40000 66000 1320
5.1 NWC 2450 50 0.004 | 50700 40000 25500 510
5.2 NWC 2620 50 0.009 | 50700 40000 35000 700
5.3 NwWC 2385 50 0.013 | 50700 40000 40500 810
5.4 NWC 2580 50 0.018 | 50700 40000 39750 795
5.5 NWC 2620 50 0.022 | 50700 40000 50500 1010
B1 SLW 3740 50 0.004 | 49600 40000 22500 450
B2 SLW 3360 50 0.009 | 50900 40000 32600 652
B3 SLW 3910 50 0.013 | 50900 40000 42000 840
B4 SLW 4100 50 0.018 | 49100 40000 47000 940
B5 SLW 3960 50 0.022 | 50500 40000 50000 1000
B6 SLW 4250 50 0.026 | 51800 40000 57700 1154
C1 SLW 2330 50 0.004 | 49600 40000 18200 364
C2 SLW 2330 50 0.009 | 53600 40000 25700 514
C3 SLW 2000 50 0.013 | 50900 40000 26300 526
C4 SLW 2050 50 0.018 | 52300 40000 28000 560
C5 SLW 2330 50 0.022 | 53600 40000 32000 640
C6 SLW 2330 50 0.026 | 49600 40000 37000 740
D1 SLW 5995 50 0.004 | 51800 40000 18500 370
D2 SLW 5995 50 0.009 | 52300 40000 33400 668
D3 SLW 5710 50 0.013 | 52300 40000 38600 772
D4 SLW 5710 50 0.018 | 52300 40000 51100 1022
D5 SLW 5600 50 0.022 | 52300 40000 54100 1082
D6 SLW 5600 50 0.026 | 51800 40000 61000 1220
Mattock, Li, and F1 ALW 4150 50 0.004 | 53200 40000 22500 450
Wang, 1976 F2 ALW 4030 50 0.009 | 52300 40000 26500 530
F2A ALW 3970 50 0.009 | 50900 40000 31000 620
F3 ALW 4065 50 0.013 | 52300 40000 36700 734
F3A ALW 3970 50 0.013 | 51400 40000 35100 702
F4 ALW 4040 50 0.018 | 50900 40000 43500 870
F5 ALW 4115 50 0.022 | 51800 40000 46000 920
F6 ALW 4050 50 0.026 | 53200 40000 49100 982
H1 ALW 4145 50 0.004 | 49800 40000 20000 400
H2 ALW 3880 50 0.009 | 51800 40000 31000 620
H3 ALW 4100 50 0.013 | 51800 40000 43300 866
H4 ALW 4420 50 0.018 | 51800 40000 47000 940
H5 ALW 3950 50 0.022 | 50500 40000 49500 990
H6 ALW 4080 50 0.026 | 49800 40000 52100 1042
N1 NwWC 4180 50 0.004 | 50900 40000 23000 460
N2 NWC 3900 50 0.009 | 52700 40000 39000 780
N3 NWC 3995 50 0.013 | 52300 40000 48000 960
N4 NwWC 4150 50 0.018 | 50900 40000 57500 1150
N5 NWC 3935 50 0.022 | 50900 40000 58750 1175
N6 NWC 4120 50 0.026 | 50900 40000 59500 1190
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Researcher(s) Specimen 1D Concrete flc_ Aor p f, actual fy*Sp“i_ﬁEd Vu Vu
Type (psi) (in%) (psi) (psi) (Ibs) (psi)
E1C NWC | 3855 84 | 0.010 | 51800 | 40000 | 74004 | 88l
E2C NWC | 4220 84 | 0010 | 52100 | 40000 | 78036 | 929
E3C NWC | 3960 84 | 0.010 | 52700 | 40000 | 59976 | 714
E4C NWC | 3820 84 | 0.010 | 50500 | 40000 | 56532 | 673
Mattock, Johal, E5C NWC | 4020 84 | 0.010 | 52300 | 40000 | 44268 | 527
and Chow, 1975 E6C NWC | 3985 84 | 0.010 | 50900 | 40000 | 30996 | 369
F1C NWC | 4220 84 | 0.016 | 50100 | 40000 | 82992 | 988
F4acC NWC | 3890 84 | 0016 | 51300 | 40000 | 70476 | 839
F6C NWC | 4150 84 | 0.016 | 51700 | 40000 | 67536 | 804
SF-4-1-C NWC | 6805 60 | 0.004 | 69500 | 60000 | 35000 | 583
SF-4-2-C NWC | 6805 60 | 0.007 | 69500 | 60000 | 55690 | 928
SF-4-3-C NWC | 6805 60 | 0.011 | 69500 | 60000 | 71130 | 1186
SF-7-1-C NWC | 11734 | 60 | 0.004 | 83000 | 60000 | 41680 | 695
SF-7-2-C NWC | 12410 | 60 | 0.007 | 83000 | 60000 | 51730 | 862
SF-7-3-C NWC | 13103 | 60 | 0.011 | 83000 | 60000 | 71510 | 1192
SF-7-4-C NWC | 12471 | 60 | 0.015| 83000 | 60000 | 62730 | 1046
SF-10-1-C-a NWC | 12053 | 60 | 0.004 | 83000 | 60000 | 25780 | 430
atn and Mitchell | SF-10-L1-C-b NWC | 14326 | 60 | 0.004 | 83000 | 60000 | 29970 | 500
2000 SF-10-2-C-a NWC | 14676 | 60 | 0.007 | 83000 | 60000 | 50780 | 846
SF-10-2-C-b NWC | 14804 | 60 | 0.007 | 83000 | 60000 | 48110 | 802
SF-10-3-C-a NWC | 16170 | 60 | 0.011 | 83000 | 60000 | 64650 | 1078
SF-10-3-C-b NWC | 13924 | 60 | 0.011 | 83000 | 60000 | 63360 | 1056
SF-10-4-C-a NWC | 15468 | 60 | 0.015| 83000 | 60000 | 74160 | 1236
SF-10-4-C-b NWC | 16476 | 60 | 0.015| 83000 | 60000 | 76280 | 1271
SF-14-1-C NWC | 16015 | 60 | 0.004 | 83000 | 60000 | 24880 | 415
SF-14-2-C NWC | 15496 | 60 | 0.007 | 83000 | 60000 | 40180 | 670
SF-14-3-C NWC | 15392 | 60 | 0.011 | 83000 | 60000 | 55500 | 925
SF-14-4-C NWC | 15982 | 60 | 0.015| 83000 | 60000 | 73270 | 1221
N-MO-P-1 NWC | 4840 | 495 | 0.013 | 72200 | 60000 | 1233758| 1234
N-MO-P-2 NWC | 4840 | 495 | 0013 | 72200 | 60000 | 1150970| 1151
Kre. 2015 S-SH-MO-P-1 SLW | 4770 | 495 | 0.013 | 72200 | 60000 | 1022081 | 1022
S-SH-MO-P-2 SLW | 4770 | 495 | 0013 | 72200 | 60000 | 1048162| 1048
A-SH-MO-P-1 ALW | 4700 | 495 | 0.013 | 72200 | 60000 | 931717 | 932
A-SH-MO-P-2 ALW | 4700 | 495 | 0.013 | 72200 | 60000 | 1064485 | 1064
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Table A.5 Database of Cold Joint Roughened Push-off Type Specimens without External

Axial Force

f Concrete f'c ACI' fy, actual fy,specified Vu Vu
Researcher(s) Specimen ID Type (psi) (i) p (psi) (psi) (Ibs) (psi)
B1 NWC 6085 50 0.004 | 51270 | 40000 | 24350 487

B2 NWC 6085 50 0.009 | 50550 | 40000 | 35000 700
B3 NWC 6140 50 0.013 | 51270 | 40000 | 52700 1054
B4 NWC 6363 50 0.018 | 53820 [ 40000 | 63800 1276
B5 NWC 5968 50 0.025 | 49250 | 40000 | 78500 1570
B6 NWC 5968 50 0.032 | 49250 | 40000 | 85000 1700

Mattock, 1976 D1 NWC 5008 50 0.004 | 51270 | 40000 | 29500 590
D2 NWC 5008 50 0.009 | 51270 [ 40000 | 46000 920
D3 NWC 4425 50 0.013 | 56000 | 40000 | 50500 1010
D4 NWC 4425 50 0.018 | 56000 | 40000 | 50100 1002

D4A NWC 4290 50 0.018 | 54000 | 40000 | 49700 994
D5 NWC 4578 50 0.025 | 47742 | 40000 | 60500 1210
D5A NWC 4540 50 0.025 | 48831 | 40000 | 62500 1250
D6 NWC 4578 50 0.032 | 48500 | 40000 | 73500 1470

SF-7-1-CJ NWC 11734 60 0.004 | 83000 [ 60000 | 54000 900
SF-7-2-CJ NWC 11734 60 0.007 | 83000 | 60000 | 82100 1368
SF-7-3-CJ NWC 12471 60 0.011 | 83000 | 60000 | 110300 | 1838
SF-7-4-CJ NWC 12471 60 0.015 | 83000 | 60000 | 132680 | 2211

SF-10-1-CJ NWC 14326 60 0.004 | 83000 | 60000 | 31730 529

Kahn and Mitchell, SF-10-2-CJ NWC 12053 60 0.007 | 83000 [ 60000 | 49290 822
2002 SF-10-3-CJ NWC 12953 60 0.011 | 83000 | 60000 | 113910 | 1899
SF-10-4-CJ NWC 12953 60 0.015 | 83000 | 60000 | 126040 2101
SF-14-1-CJ NWC 14756 60 0.004 | 83000 | 60000 | 90910 1515
SF-14-2-CJ NWC 14756 60 0.007 | 83000 | 60000 | 99190 1653
SF-14-3-CJ NWC 15218 60 0.011 | 83000 | 60000 | 134710 | 2245
SF-14-4-CJ NWC 15218 60 0.015 | 69500 | 60000 | 153120 | 2552

615-3A NWC 4220 160 | 0.004 | 67300 | 60000 | 112500 700

615-3B NWC 4220 160 | 0.004 | 67300 | 60000 [ 96500 590

615-4A NWC 4220 160 | 0.007 | 61500 | 60000 | 114500 [ 690

Harries, Zeno, and 615-4B NWC 4220 160 | 0.007 | 61500 | 60000 | 129000 790
Shahrooz 2012 1035-3A NWC 4220 160 | 0.004 | 130000 | 100000 | 90000 570
1035-3B NWC 4220 160 | 0.004 | 126000 | 100000 | 105000 | 650

1035-4A NWC 4220 160 | 0.007 | 140000 | 100000 | 135700 [ 840

1035-4B NWC 4220 160 | 0.008 | 131300 | 100000 | 113500 [ 710
N-5-R-4 NWC 4860 49.5 | 0.013 | 66200 | 60000 | 59060 1193
N-5-R-5 NWC 4860 49.5 [ 0.013 | 66200 | 60000 | 53420 1079
N-5-R-6 NWC 4860 49.5 | 0.013 | 66200 | 60000 | 53440 1080
S-5-R-1 SLW 4580 49.5 | 0.013 | 66200 | 60000 | 51431 1039
S-5-R-2 SLW 4580 49.5 | 0.013 | 66200 | 60000 | 50396 1018
S-5-R-3 SLW 4580 49.5 [ 0.013 | 66200 | 60000 | 63904 1291

A-5-R-1 ALW 6080 49.5 | 0.013 | 66200 | 60000 | 48439 979
A-5-R-2 ALW 6080 49.5 | 0.013 | 66200 | 60000 | 52797 1067
Shaw, 2013 A-5-R-3 ALW 6080 49.5 | 0.013 | 66200 | 60000 | 51408 1039
N-8-R-1 NWC 7550 49.5 [ 0.013 | 66200 | 60000 | 74039 1496
N-8-R-2 NWC 7550 49.5 | 0.013 | 66200 | 60000 | 56092 1133
N-8-R-3 NWC 7550 49.5 | 0.013 | 66200 | 60000 | 64138 1296
S-8-R-1 SLW 7200 49.5 | 0.013 | 66200 | 60000 | 72044 1455
S-8-R-2 SLW 7200 49.5 [ 0.013 | 66200 | 60000 | 67380 1361
S-8-R-3 SLW 7200 49.5 | 0.013 | 66200 | 60000 | 66724 1348
A-8-R-1 ALW 7843 49.5 | 0.013 | 66200 | 60000 | 61774 1248
A-8-R-2 ALW 7843 49.5 | 0.013 | 66200 | 60000 | 63937 1292
A-8-R-3 ALW 7843 49.5 | 0.013 | 66200 | 60000 | 64126 1295
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. Concrete flc ACI’ fy, actual fy,specified Vu Vu

Researcher(s) Specimen ID Type (psi) (inz) p (Psi) (psi) (Ibs) (psi)
S-SL-CJ-09-R-1 SLW 5380 | 49.5 | 0.009 | 72200 | 60000 | 49342 997

S-SL-CJ-09-R-2 SLW 5380 | 49.5 [ 0.009 | 72200 | 60000 | 50478 | 1020

S-SL-CJ-13-R-1 SLW 5570 | 49.5 | 0.013 | 72200 | 60000 | 63167 | 1276

S-SL-CJ-13-R-2 SLW 5570 | 49.5 | 0.013 | 72200 | 60000 | 59370 | 1199

S-SL-CJ-17-R-1 SLW 4950 | 49.5 | 0.017 | 72200 | 60000 | 62384 | 1260

S-SL-CJ-17-R-2 SLW 4950 | 49.5 [ 0.017 | 72200 | 60000 | 65152 | 1316

S-SL-CJ-22-R-1 SLW 5000 | 49.5 | 0.022 | 72200 | 60000 | 64455 | 1302

S-SL-CJ-22-R-2 SLW 5000 | 49.5 | 0.022 | 72200 | 60000 | 57589 | 1163

A-SL-CJ-13-R-1 ALW 4380 | 49.5 | 0.013 | 72200 | 60000 | 46500 939

Krc, 2015 and A-SL-CJ-13-R-2 ALW 4380 | 49.5 [ 0.013 | 72200 | 60000 | 46900 947
Wermager, 2015 | S-CL-CJ-9-R-1 SLW 4770 | 49.5 [ 0.009 | 72200 | 60000 | 37100 749
S-CL-CJ-9-R-2 SLW 4770 | 49.5 | 0.009 | 72200 | 60000 | 42900 867

S-CL-CJ-13-R-1 SLW 4640 | 49.5 | 0.013 | 72200 | 60000 | 50800 | 1026

S-CL-CJ-13-R-2 SLW 4640 | 49.5 [ 0.013 | 72200 | 60000 | 46900 947

S-CL-CJ-17-R-1 SLW 4550 | 49.5 | 0.017 | 72200 | 60000 | 51200 [ 1034

S-CL-CJ-17-R-2 SLW 4550 | 49.5 | 0.017 | 72200 | 60000 | 56700 [ 1145

S-CL-CJ-22-R-1 SLW 4790 | 49.5 | 0.022 | 72200 | 60000 | 56700 [ 1145

S-CL-CJ-22-R-2 SLW 4790 49.5 | 0.022 | 72200 | 60000 | 53200 | 1075

A-CL-CJ-13-R-1 ALW 4460 49.5 | 0.013 | 72200 | 60000 | 41800 844

A-CL-CJ-13-R-2 ALW 4460 49.5 | 0.013 | 72200 | 60000 | 43800 885




158

Table A.6 Database of Cold Joint Smooth Push-off Type Specimens without External

Axial Force

Researcher(s) Specimen ID Concrete f'c_ '_A‘Czr p f, actual fy's'm‘_ﬁed Vu Vu
Type (psi) | (in°) (psi) (psi) (Ibs) (psi)

C1l NwWC 5870 50 0.004 50910 40000 10500 210

C2 NWC 5870 50 0.009 50910 40000 18000 360

C3 NWC 5980 50 0.013 50550 40000 21400 428

C4 NWC 5980 50 0.018 51640 40000 30000 600

C5 NWC 6165 50 0.022 52730 40000 39000 780

C6 NWC 6165 50 0.032 45250 40000 44100 882

Gl NWC 5870 50 0.004 50910 40000 8000 160

G2 NwWC 5870 50 0.009 50910 40000 13200 264

Mattock 1976 G3 NWC 5980 50 0.013 50550 40000 19200 384
' G4 NWC 5980 50 0.018 51640 40000 25000 500
G5 NWC 6165 50 0.022 52730 40000 29300 586

G6 NWC 6165 50 0.032 45250 40000 38900 778

H1 NWC 5820 50 0.004 55450 40000 9400 188

H2 NWC 6080 50 0.009 55450 40000 16100 322

H3 NWC 6080 50 0.013 55450 40000 23000 460

H4 NwWC 6075 50 0.018 53640 40000 25500 510

H5 NwWC 6180 50 0.025 46653 40000 32700 654

H6 NWC 5900 50 0.032 46800 40000 38000 760

N-5-S-4 NWC 4860 49.5 0.013 66200 60000 30850 623

N-5-S-5 NWC 4860 49.5 0.013 66200 60000 34678 701

N-5-S-6 NWC 4860 49.5 0.013 66200 60000 39154 791

S-5-S-1 SLW 4580 49.5 0.013 66200 60000 38532 778

S-5-S-2 SLW 4580 49.5 0.013 66200 60000 34112 689

S-5-S-3 SLW 4580 49.5 0.013 66200 60000 39796 804

A-5-S-1 ALW 6080 49.5 0.013 66200 60000 41471 838

A-5-5-2 ALW 6080 49.5 0.013 66200 60000 40079 810

Shaw, 2013 A-5-S-3 ALW 6080 49.5 0.013 66200 60000 39247 793
N-8-S-1 NWC 7550 49.5 0.013 66200 60000 65557 1324
N-8-S-2 NWC 7550 49.5 0.013 66200 60000 53304 1077
N-8-S-3 NWC 7550 49.5 0.013 66200 60000 55327 1118
S-8-S-1 SLW 7200 49.5 0.013 66200 60000 67025 1354
S-8-S-2 SLW 7200 49.5 0.013 66200 60000 57876 1169
S-8-S-3 SLW 7200 49.5 0.013 66200 60000 58863 1189

A-8-S-1 ALW 7843 49.5 0.013 66200 60000 46089 931

A-8-S-2 ALW 7843 49.5 0.013 66200 60000 48036 970
A-8-S-3 ALW 7843 49.5 0.013 66200 60000 51741 1045
S-SL-CJ-09-S-1 SLW 5380 49.5 0.009 72200 60000 26946 544
S-SL-CJ-09-S-2 SLW 5380 49.5 0.009 72200 60000 32592 658
S-SL-CJ-13-S-1 SLW 5570 49.5 0.013 72200 60000 39487 798
S-SL-CJ-13-S-2 SLW 5570 49.5 0.013 72200 60000 48767 985
S-SL-CJ-17-S-1 SLW 4950 49.5 0.017 72200 60000 49813 1006
S-SL-CJ-17-S-2 SLW 4950 49.5 0.017 72200 60000 56533 1142
S-SL-CJ-22-S-1 SLW 5000 49.5 0.022 72200 60000 49813 1006
S-SL-CJ-22-S-2 SLW 5000 49.5 0.022 72200 60000 56533 1142
A-SL-CJ-13-S-1 ALW 4380 49.5 0.013 72200 60000 37800 764

Krc, 2015 and A-SL-CJ-13-S-2 ALW 4380 49.5 0.013 72200 60000 38800 784
Wermager, 2015 | S-CL-CJ-9-S-1 SLW 4770 49.5 0.009 72200 60000 31900 644
S-CL-CJ-9-S-2 SLW 4770 49.5 0.009 72200 60000 37900 766
S-CL-CJ-13-S-1 SLW 4640 49.5 0.013 72200 60000 41000 828
S-CL-CJ-13-S-2 SLW 4640 49.5 0.013 72200 60000 40400 816
S-CL-CJ-17-S-1 SLW 4550 49.5 0.017 72200 60000 43100 871
S-CL-CJ-17-S-2 SLW 4550 49.5 0.017 72200 60000 48900 988
S-CL-CJ-22-S-1 SLW 4790 49.5 0.022 72200 60000 52400 1059
S-CL-CJ-22-S-2 SLW 4790 49.5 0.022 72200 60000 52600 1063
A-CL-CJ-13-S-1 ALW 4460 49.5 0.013 72200 60000 36900 745
A-CL-CJ-13-S-2 ALW 4460 49.5 0.013 72200 60000 37300 754
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RESIDUAL SHEAR STRENGTH ANALYSIS

Even though studying the residual shear strength was not one of the objectives of
this research work, it may be of interest to analyze how the ACI 318-14 code and the PCI
Design Handbook 7™ Edition design values compare to the residual shear strength of
shear-friction specimens. This may be of particular interest for seismic design, where the
structure is not designed solely on the basis of ultimate shear strength but also its
ductility. Presented in Table B.1 is the summary of residual shear strengths in terms of
stress for the specimens tested in this study. Included are also specimens from Shaw
(2013). Shaw used the same definition of residual shear strength; that is the shear strength
at a slip of 0.15 in. Values in the table shown as N/A were for the specimens that reached
60 percent of their post-peak strength prior to reaching 0.15 in. slip. It should be noted
that for smooth interface cold joint specimens (Case 3), the values presented are
calculated using the PCI Design Handbook 6™ Edition approach. It can be seen in Table
B.1 that ACI design values are conservative more often than the PCI design values. It can
also be seen in the Shaw data that the 8000 psi concrete specimens design values are
conservative more often than the 5000 psi concrete specimens. It can also be seen that the
slate aggregate specimens residual shear strength are conservative more often than the
clay aggregate specimens residual shear strength for both the ACI and PCI design values.
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Table B.1 Analysis of Residual Shear Strength and its Comparison to PCI Design
Handbook 7™ Edition and ACI 318-14 Design Values

\ PCI 7th Edition - |4, | ACI 318-14 Code
H f C VU VU Vur
Researcher | Specimen ID Vy pci Vy Acl
" " R - Vur/Vu,PCI — Vur/Vu,ACI
psi Ibs psi psi psi psi
N-5-R-4 4860 | 59060 [ 1193 797 883 0.90 780 1.02
N-5-R-5 4860 | 53420 [ 1079 811 883 0.92 780 1.04
N-5-R-6 4860 | 53440 [ 1080 775 883 0.88 780 0.99
N-5-S-4 4860 | 30850 623 629 684 0.92 468 1.34
N-5-S-5 4860 | 34678 701 660 684 0.97 468 1.41
N-5-S-6 4860 | 39154 791 646 684 0.95 468 1.38
S-5-R-1 4580 | 51431 [ 1039 616 751 0.82 663 0.93
S-5-R-2 4580 | 50396 [ 1018 598 751 0.80 663 0.90
S-5-R-3 4580 | 63904 [ 1291 592 751 0.79 663 0.89
S-5-S-1 4580 | 38532 778 671 581 1.15 398 1.69
S-5-S-2 4580 | 34112 689 564 581 0.97 398 1.42
S-5-S-3 4580 | 39796 804 596 581 1.03 398 1.50
A-5-R-1 6080 | 48439 979 707 662 1.07 585 1.21
A-5-R-2 6080 | 52797 | 1067 869 662 1.31 585 1.48
A-5-R-3 6080 [ 51408 | 1039 818 662 1.24 585 1.40
A-5-S-1 6080 | 41471 838 778 513 1.52 351 2.22
A-5-S-2 6080 | 40079 810 646 513 1.26 351 1.84
A-5-S-3 6080 | 39247 793 747 513 1.46 351 2.13
Shaw, 2015
N-8-R-1 7550 [ 74039 | 1496 960 883 1.09 780 1.23
N-8-R-2 7550 [ 56092 | 1133 789 883 0.89 780 1.01
N-8-R-3 7550 | 64138 | 1296 869 883 0.98 780 1.11
N-8-S-1 7550 | 65557 | 1324 1000 684 1.46 468 2.14
N-8-S-2 7550 | 53304 | 1077 868 684 1.27 468 1.85
N-8-S-3 7550 | 55327 | 1118 943 684 1.38 468 2.02
S-8-R-1 7200 | 72044 | 1455 882 751 1.17 663 1.33
S-8-R-2 7200 [ 67380 | 1361 733 751 0.98 663 1.11
S-8-R-3 7200 | 66724 | 1348 N/A 751 N/A 663 N/A
S-8-S-1 7200 | 67025 | 1354 899 581 1.55 398 2.26
S-8-S-2 7200 | 57876 | 1169 747 581 1.29 398 1.88
S-8-S-3 7200 | 58863 | 1189 815 581 1.40 398 2.05
A-8-R-1 7843 | 61774 | 1248 835 662 1.26 585 1.43
A-8-R-2 7843 | 63937 | 1292 925 662 1.40 585 1.58
A-8-R-3 7843 | 64126 | 1295 797 662 1.20 585 1.36
A-8-S-1 7843 | 46089 931 763 513 1.49 351 2.18
A-8-S-2 7843 | 48036 970 812 513 1.58 351 2.31
A-8-S-3 7843 | 51741 | 1045 851 513 1.66 351 2.43
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PCI 7th Edition - i, | ACI 318-14 Code

Researcher | Specimen ID v v
p - - UYP-CI Vur/Vu,PCI UYA.CI VurlVy aci
psi Ibs psi psi psi psi
N-MO-U-1 4840 | 63410 | 1281 823 1000 0.82 800 1.03
N-MO-U-2 4840 62203 1257 N/A 1000 N/A 800 N/A

N-MO-P-1 4840 | 61071 | 1234 920 1000 0.92 800 1.15
N-MO-P-2 4840 | 56973 | 1151 1103 1000 1.10 800 1.38
S-SH-MO-U-1 [ 4770 | 55434 | 1120 824 850 0.97 800 1.03
S-SH-MO-U-2 | 4770 | 56588 | 1143 778 850 0.92 800 0.97
S-SH-MO-P-1 | 4770 | 50593 | 1022 789 850 0.93 800 0.99
S-SH-MO-P-2 | 4770 | 51884 | 1048 871 850 1.02 800 1.09
A-SH-MO-U-1| 4700 [ 52032 | 1051 663 750 0.88 800 0.83
A-SH-MO-U-2 | 4700 | 52549 | 1062 751 750 1.00 800 0.94
A-SH-MO-P-1| 4700 | 46120 932 835 750 111 800 1.04
A-SH-MO-P-2 | 4700 | 52692 | 1064 977 750 1.30 800 1.22
S-SL-CJ-R-1 5570 | 63167 | 1276 N/A 760 N/A 680 N/A
S-SL-CJ-R-2 5570 [ 59370 | 1199 735 760 0.97 680 1.08
S-SL-CJ-S§-1 5570 | 39487 798 616 589 1.05 408 1.51
S-SL-CJ-S-2 5570 | 48767 985 783 589 1.33 408 1.92
A-SL-CJ-R-1 4380 | 46525 940 609 671 0.91 600 1.02
A-SL-CJ-R-2 4380 | 46925 948 682 671 1.02 600 1.14
A-SL-CJ-S-1 4380 | 37842 764 622 520 1.20 360 1.73
A-SL-CJ-S-2 4380 | 38751 783 719 520 1.38 360 2.00
S-CL-CJ-R-1 4640 | 50785 | 1026 633 760 0.83 680 0.93
S-CL-CJ-R-2 4640 | 46885 947 670 760 0.88 680 0.99
S-CL-CJ-§-1 4640 | 41006 828 627 589 1.06 408 1.54
S-CL-CJ-S-2 4640 | 40436 817 574 589 0.97 408 1.41

Krc, 2015

A-CL-CJ-R-1 | 4460 | 41858 846 N/A 671 N/A 600 N/A
A-CL-CJ-R-2 | 4460 | 43816 885 534 671 0.80 600 0.89
A-CL-CJ-S-1 | 4460 [ 36966 747 N/A 520 N/A 360 N/A

A-CL-CJ-S-2 | 4460 | 37324 754 501 520 0.96 360 1.39
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