University of Windsor

Scholarship at UWindsor
Electronic Theses and Dissertations

Theses, Dissertations, and Major Papers

2016

FRP Shear Transfer Reinforcement for Composite Concrete
Construction
Jehad Alkatan
University of Windsor

Follow this and additional works at: https://scholar.uwindsor.ca/etd

Recommended Citation
Alkatan, Jehad, "FRP Shear Transfer Reinforcement for Composite Concrete Construction" (2016).
Electronic Theses and Dissertations. 5792.
https://scholar.uwindsor.ca/etd/5792

This online database contains the full-text of PhD dissertations and Masters’ theses of University of Windsor
students from 1954 forward. These documents are made available for personal study and research purposes only,
in accordance with the Canadian Copyright Act and the Creative Commons license—CC BY-NC-ND (Attribution,
Non-Commercial, No Derivative Works). Under this license, works must always be attributed to the copyright holder
(original author), cannot be used for any commercial purposes, and may not be altered. Any other use would
require the permission of the copyright holder. Students may inquire about withdrawing their dissertation and/or
thesis from this database. For additional inquiries, please contact the repository administrator via email
(scholarship@uwindsor.ca) or by telephone at 519-253-3000ext. 3208.

FRP Shear Transfer Reinforcement for Composite Concrete
Construction

By

Jehad Alkatan

A Thesis
Submitted to the Faculty of Graduate Studies
through the Department of Civil & Environmental Engineering
in Partial Fulfillment of the Requirements for
the Degree of Master of Applied Science at the
at the University of Windsor

Windsor, Ontario, Canada

2016

© 2016 Jehad Alkatan

FRP Shear Transfer Reinforcement for Composite Concrete
Construction

By

Jehad Alkatan

APPROVED BY:

______________________________________________
N. Zamani, Outside Dept. Reader
Department of Mechanical, Automotive & Materials Engineering

______________________________________________
S. Cheng, Dept. Reader
Department of Civil and Environmental Engineering

______________________________________________
F. Ghrib, Principal Advisor
Department of Civil and Environmental Engineering

______________________________________________
A. El Ragaby, Co-Advisor
Department of Civil and Environmental Engineering
June 13, 2016

III

DECLARATION OF ORIGINALITY
I hereby certify that I am the sole author of this thesis and that no part of this thesis has
been published or submitted for publication.
I certify that, to the best of my knowledge, my thesis does not infringe upon anyone’s
copyright nor violate any proprietary rights and that any ideas, techniques, quotations, or
any other material from the work of other people included in my thesis, published or
otherwise, are fully acknowledged in accordance with the standard referencing practices.
Furthermore, to the extent that I have included copyrighted material that surpasses the
bounds of fair dealing within the meaning of the Canada Copyright Act, I certify that I have
obtained a written permission from the copyright owner(s) to include such material(s) in
my thesis and have included copies of such copyright clearances to my appendix.
I declare that this is a true copy of my thesis, including any final revisions, as approved
by my thesis committee and the Graduate Studies office, and that this thesis has not been
submitted for a higher degree to any other University or Institution.

iii

ABSTRACT
Composite precast concrete girders supporting cast-in-place slabs are widely used in
Accelerated Bridge Construction. The steel reinforcement provided across the interface, to
ensure full composite action, is susceptible to sever corrosion especially when de-icing
chemicals are used. This research project is exploring an innovative and sustainable
application of the non-corrodible Glass Fiber Reinforced Polymer (GFRP) as shear transfer
reinforcement in composite elements. Twenty large scale push-off specimens, each consists
of two L-shaped concrete blocks cast at different times, were constructed and tested to
investigate the effects of the axial stiffness and shape of the GFRP reinforcement in
addition to the concrete compressive strength. The ultimate strength, relative slip, lateral
separation and reinforcement strain were reported in this study. Test results showed the
effectiveness of the GFRP shear friction reinforcement compared to steel. A new shear
friction model for the ultimate shear transfer of interfaces intersected by GFRP
reinforcement is introduced.
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CHAPTER 1
INTRODUCTION
1.1 General
Composite construction is being used extensively, particularly, in bridge engineering
for long time. In earlier applications, a composite beam was referred to a concrete slab
provided on top of a steel beam along with shear keys at the junction of the slab and the
beam as shown in Figure 1.1. However, composite concrete beams, which consists of castin-place slabs and precast girders, are widely used nowadays (Figure 1.2). Precast girders
are usually fabricated in industrial facilities before they are moved to their final forecasted
position. The slab is then cast on top of the precast girder with its form supported by a fixed
base in the case of shored construction or supported by the precast girder in unshored
construction. This accelerated construction method has proven to save time and minimize
traffic disruption. Since the girder and the flange are cast at different times, also known as
a cold-joint condition, the joint between these interconnected members becomes an
inevitable concern to ensure the continuity of composite concrete beams. When the
composite action and full strain compatibility of the cast-in-place and the precast parts are
ensured by a strong connection capable of transferring the longitudinal, horizontal, shear
stresses at the interface, the overall strength and stiffness of the composite section can be
utilized. Therefore, lighter and shallower beams can be used leading to an efficient and
economical construction method.
Reinforcement intersecting concrete-to-concrete interfaces of composite concrete
beams remain the main key parameter that allows for the whole process of the shear transfer
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to occur along these interfaces. Up to date, steel reinforcement crossing the shear plane
between prefabricated girders and their cast-in-place flanges is being utilized and designed
according to various design models. However, deterioration of the deck slab caused by the
environmental and loading conditions results in extensive corrosion of the steel
reinforcement between the slab and the girder, especially when de-icing salt is used. This
results in gradual loss of the monolithic behaviour and the strength of the composite
concrete beams. For this reason, epoxy coated steel reinforcement (ECR) was proposed as
a substitute of black steel at the joints. Yet, it was shown to be ineffective in providing the
desired corrosion resistance or in reducing the long-term maintenance cost (Pianca et al.
2005).
Fiber Reinforced Polymer (FRP) reinforcement, bars and stirrups, have shown to be
an effective alternative to conventional steel as a flexural and shear reinforcement,
particularly Glass FRP. In addition to their non-corrodible nature, the superior high tensile
and bond strength as well as the ease of handling of the FRP reinforcement due to its
lightweight, promoted their applications in reinforced concrete structures. Also, based on
practical applications, using FRP reinforcement, was found to represent a life-cycle cost
saving of 15 to 25%, relative to traditional steel reinforcement and up to 30%, comparing
to epoxy coated steel reinforcement. Moreover, the initial cost associated with GFRP
reinforcement was shown not to exceed 10% of that of steel (V-ROD, 2016)
Accordingly, this research project aims to extend the application of the GFRP to be
used as a shear transfer reinforcement across interfaces with concretes cast at different
times (cold-joint condition).
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Longitudinal section

Cross section

Figure 1.1 Composite beam
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Longitudinal section
Longitudinal section

Cross section
Figure
1.2
Typical
composite
concrete
beamCross

Figure 1.2 Typical composite concrete beam
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1.2 Motivation
The Ministry of Transportation of Ontario, in a memo released in 2013, eliminated the
use of epoxy coated reinforcing (ECR) steel. This reinforcement was shown to be
ineffective to add significantly to the service life compared to black steel, in addition to its
high cost relative to the black steel. This reinforcement was also found to significantly limit
the repair and investigation techniques that can be used (Pianca et al. 2005).
Glass Fiber Reinforced Polymer (GFRP) is a new construction material that is strong,
light and most importantly, resistant to corrosion. It has been emerged over the past two
decades in structural applications and has been increasingly used in an effort to provide a
corrosion free reinforcement. GFRP was shown to be an effective alternative to
conventional steel as a flexural and shear reinforcement. Accordingly, the design and
construction requirements of reinforced with Fiber Reinforced Polymer (FRP)
reinforcement were provided in distinct and specially prepared design codes and guidelines
such as the Canadian standard of the design and construction of building structures with
Fiber-Reinforced Polymers (CSA S806-12) and, the American guide for the design and
construction of structural concrete reinforced with Fiber-Reinforced Polymers (ACI
440.1R-15). However, no previous research, codes provisions or applications were found
concerning the shear transfer strength of concrete-to-concrete interfaces reinforced by
GFRP reinforcement. Therefore, the objective of this research is to study the behaviour of
Glass Fiber Reinforced Polymers (GFRP) reinforcement as a shear transfer reinforcement
along the junctions of precast girders and cast-in-place slabs and provide the associated
design guidelines, equations and recommendations.
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1.3 Objective
The overall objective of this study is to investigate and evaluate the shear transfer
strength and the behaviour of the concrete cold-jointed interfaces when GFRP is utilized
as a shear transfer reinforcement. The specific objectives are:
1. Asses the feasibility of GFRP as a shear friction reinforcement in coldjointed concrete interfaces.
2. Investigate the influence of different parameters such as, the axial stiffness
and the shape of the GFRP reinforcement as well as the concrete
compressive strength.
3. Develop an understanding of the shear transfer mechanism associated with
GFRP reinforcement.
4. Establish the design equations and recommendations.

1.4 Scope
To investigate the capacity and performance of the proposed Glass FRP shear friction
reinforcement and to optimize the effect of different design parameters, large scale double
L-shaped push-off tests were conducted. The test specimens were divided into two series.
The first series with specimens made of a concrete of 50 MPa and the second series includes
specimens made of 30 MPa concrete. Three different shapes of the GFRP reinforcement
were used, namely: (a) stirrup; (b) headed bar; and (c) angle. The nominal modulus of
elasticity was 50 GPa for GFRP stirrups and angles, and 60 GPa for headed bars. The data
collected from the tests included the relative slip between the interconnected members, the
strain of the reinforcement crossing the shear plane, and the lateral dilation of the interface
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were discussed in details. Based on the test results, a description of the shear transfer
mechanism along interfaces with cold-joint condition intersected by GFRP reinforcement
was introduced along with an equation for the shear transfer strength.

1.5 Thesis Organization
Chapter 2 discuses and summarizes the details and findings of the previous research
and current design codes related to the horizontal shear transfer in steel reinforced concrete
interfaces. Chapter 3 provides a full description of the experimental program Including the
details of the push-off specimens, the test matrix, the test setup, material properties and the
instrumentations. Chapter 4 presents a critical analysis of the test results and observations.
The conclusions and recommendations are listed in chapter 5.
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CHAPTER 2
PREVIOUS RESEARCH AND LITERATURE REVIEW
2.1 Overview
In reinforced concrete structures, there are instances where the transfer of shear
stresses along a definite plane needs to be considered. Such cases include Connections
between concrete layers cast at different times, which exist in wide range of structural
applications, such as composite construction of precast and cast-in-situ concrete structures
(Figure 2.1). There are also other situations where the transfer of shear forces along a
definitive plane of a potential crack has to be considered in monolithic casting, such as in
corbels and at the bearing shoes, as shown in Figures 2.2 and 2.3, respectively. The main
requirement of the joint between any two components in composite construction, i.e. the
precast girder and the cast-in-place slab, is to assure adequate shear strength to resist and
transfer the longitudinal (horizontal) shear stresses that develop at the interface under the
gravity loads.
When transvers loads are applied to a beam, normal and shear stresses develop at any
cross section of that beam. In order for any element of the cross section to be in a static
equilibrium, the shear stresses in the transversal and the longitudinal directions of that
element must be equal. Therefore, when a beam member is subjected to transverse loading,
longitudinal shear stresses must exist along that member (Beer et al. 2011). This concept
can be further visualized from the case shown in Figure 2.4 in which the beam is made of
separate planks of timber with smooth frictionless surfaces. Upon loading, these planks
tend to slide relative to each other [Figure 2.4(b)].
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Steel stirrup

Figure 2.1 Composite concrete beam (shear transfer reinforcement)

Figure 2.3 Precast beam bearing

Figure 2.2 Typical corbel
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Figure 2.4 The concept of horizontal shear in composite beams
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Each plank of timber would act individually and independently as a single beam with
its compression zone above its natural axis and tension zone below its natural axis.
However, if these planks are perfectly bonded or clamped together so that relative slips are
prevented, the resulted composite section would act as a one element as if it is made from
one piece of timber with the same cross section [Figure 2.4(c)]. In this case, the tendency
to slipping caused by the horizontal shear is resisted by the proper bond between the planks.
Similarly, joints between precast girders and cast-in-place slabs in composite concrete
beams must be strong enough to resist the tendency of the slab to slide relative to the web
and to transmit, efficiently, the longitudinal shear stresses from the web to the flange, and
vice versa as shown in Figure 2.4(d).

2.2 The Horizontal Shear
Despite of several benefits resulting from the use of composite concrete beams, the
performance of such a system largely depends on the ability of the precast girder and the
cast-in-place to act together as a single unit. The monolithic behaviour becomes only
possible if the shear stresses resulting from the imposed gravity loads on the beam are
effectively transferred between the interconnected members at their interface as shown in
Figure 2.5(a). If the joint capacity is not adequate to transfer the horizontal shear stresses,
the beam will be partially composite or noncomposite where the slab and the girder tend to
work separately as an individual beam [Figure 2.5(b)].
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(a)

(b)

Composite

Non-Composite

Figure 2.5 Horizontal shear transfer in composite concrete beams

For an Elastic and uncracked composite concrete beam, the longitudinal shear
stresses along the contact surface between the precast girder and its cast-in-place slab can
be expressed by:

𝒗𝒉 =

𝑽𝑸
𝑰𝒃𝒗

(2.1)

This is expression is also valid for a cracked cross section, only if the properties of the
cracked and transformed of that cross section are used (i.e. Q 𝑐𝑡 , 𝐼𝑐𝑡 ). Although this
expression (Eq. 2.1) is only valid for a linearly elastic condition of a cross section of a
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composite concrete beam, it was used in most of the previous research and in design
practices to evaluate the horizontal shear stresses for cracked concrete beams at various
loading stages including those at which the stress distribution is not linear and near the
ultimate. However, it was realized that this equation gives only an approximate estimation
of the horizontal shear at the ultimate load and provides a good basis for comparison when
the cracked and transformed properties of the cross section are used (Saemann and Washa,
1964; Hanson 1960; Loov and Patnaik, 1994; Gohnert, 2003). This equation was also used
in clause 2505 of the ACI 318 (1963).
Both of the ACI 318 14 (2014) and the CSA A23.3 (2004) permit the evaluation of the
longitudinal shear stresses at the web-slab interface based on the longitudinal stress
equilibrium condition at the ultimate load. This implies, that the horizontal shear can be
determined by computing the actual change in the compressive (𝐶𝑓 ) or the tensile force (𝑇𝑓 )
between any two segments of the beam, as shown in Figure 2.6. This condition can be
expressed by:

𝒗𝒉 =

𝑪𝒇
𝒃𝒗 𝒍𝒗

(2.2)

This expression is more appropriate than Eq. 2.1 to be used at loading stages where
the beam behaviour is not linear and at the ultimate state. Nonetheless, whenever this
equation is to be used between two sections at 𝑙𝑣 distant, the distribution of the normal
stresses along the cross section must be known at each of these segments. Moreover, it
provides an average value of the longitudinal shear stress over the length of the beam
segment under consideration and it does not reflect the variation of the horizontal shear
stresses over that length when the beam is loaded by a distributed load. It should be noted
that in the case when the natural axis is within the flange (i.e. above the shear plane), the
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tensile force in the longitudinal reinforcement 𝑇𝑓 may be used instead of 𝐶𝑓 in Eq. 2.2
according to the design manual of the Canadian Precast Prestressed Concrete Institute
(CPCI, 2007).
The present codes; ACI 318-14 (ACI, 2014) and CSA A23.3-04 (CSA, 2004) require
the factored horizontal shear strength at any section equals to the factored vertical shear
force at that section, at the ultimate state. This condition suggests the following expression
to calculate the horizontal shear stresses at ultimate:

𝒗𝒉 =

𝑽𝒇
𝒃𝒗 𝒅

(2.3)

In fact, Eqs. 2.1, 2.2 and 2.3 are closely related. The term 𝑉𝑄/𝐼 in Eq. 2.1 represents
the horizontal shear force per unit length along the interface between the girder and the
slab (shear flow). Since 𝑉ℎ = 𝐶𝑓 in Eq. 2.2, the term 𝐶𝑓 /𝑙𝑣 also represents the
longitudinal (horizontal) shear force per unit length between a section at distance 𝑙𝑣 from
the section of zero moment (𝐶𝑓 = 0). Eq. 2.3 is similar to the others because 𝑉𝑓 = 𝜕𝑀𝑓 /𝜕𝑥
is the rate of change of the moment. If the compression zone is entirely within the flange,
and the small variation in the depth of the stress block is ignored, the compression force,
over a deferential element of the beam length, 𝜕𝐶𝑓 will be equal to 𝜕𝑀𝑓 /(𝑑 − 𝑎/2),
where 𝑎 is the depth of the equivalent rectangular stress block. The horizontal shear force
per unit length will be 𝑉𝑓 /(𝑑 − 𝑎/2). Therefore, 𝑉𝑓 /𝑑 in Eq. 2.3 is a non-conservative
simplification. It should be highlighted that, theoretically, Eq. 2.3 predicts the shear stresses
in the cracked zone of the beam where the shear flow is constant (Park and Paulay, 1974).
Consequently, this equation is best utilized to estimate the horizontal shear stresses at the
web-flange interface of composite concrete beams when this interface lies in the cracked
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zone, i.e. when the natural axis is located within the flange.

vh
vh

Figure 2.6 Evaluation of the interface longitudinal shear by equilibrium condition

2.3 Shear Transfer Mechanisms
The shear friction is the first, simplest and the most popular hypothesis that describes
the shear transfer mechanism along concrete-to-concrete interfaces where the slip is not
restrained, such as interfaces between precast girders and cast-in-place slabs in composite
concrete beams. The first investigation that explained, in details, the shear friction analogy
was proposed by Birkeland and Birkeland (1966). This theory was adopted by many design
codes of reinforced concrete structures, including the Canadian standard of the design of
the concrete structures, CAN/CSA A23.3 (2004), the Canadian highway bridge design code,
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CAN/CSA S6 (2014), the American building code requirements for structural concrete,
ACI 318 (2014), the Eurocode standard of the design of concrete structures, Eurocode 2
(2004), the precast and Prestressed Concrete Institute, PCI Design Handbook (2004),
AASHTO LFRD Bridge Design Specifications (2007), and AASHTO standard
specifications for highway bridges (2002).
The shear friction theory, in it is original form (Birkeland and Birkeland, 1966),
assumes that the shear forces parallel to the concrete-to-concrete interfaces are transmitted
by friction only. If a crack is postulated along the shear plane, and reinforcement across
that shear plane is provided, the roughness of the crack faces would force the
interconnected concrete elements to separate when slip occurs. This separation would place
the steel across the interface in tension, which in return creates a balancing compressive,
clamping, stress on the crack faces. Owing to the friction between the rough and irregular
faces of the crack, this clamping stress provides a frictional shear resistance as shown in
Figure 2.7. It is hypnotized that if the steel reinforcement is sufficiently provided and well
anchored on both sides of the shear plane, the ultimate frictional shear resistance is
achieved upon the yielding of the steel.
The shear transfer across initially uncracked shear planes in monolithic concrete was
first investigated by Hofbeck et al. (1969) and Mattock and Hawkins (1972). In contrary to
the shear friction theory, these authors proposed a shear transfer by a truss action after
diagonal tension cracking occur across the interface (Figure 2.8). Based on this model, the
failure is caused by yielding of the steel reinforcement if concrete crushing failure did not
occur first.
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Figure 2.7 Shear transfer
by friction (Wight and
Macgregor, 2011)

Figure 2.8 Shear transfer in initially
uncracked concrete (Mattock and
Hawkins, 1972)
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Hsu et al. (1987) proposed a similar shear transfer mechanism for uncracked shear
planes based on a truss model, where the failure is caused by the crushing of the concrete
struts. This theory considers the reinforcement parallel to the shear plane to contribute to
the shear transfer. Hwang et al. (2000) suggested a comparable theory based on the
“softened strut-and-tie” model. It was proposed that the failure will occur due to the
crushing o the concrete in the compression struts parallel to the direction of the diagonal
cracks that have formed in a direction inclined to the shear plane. This model was claimed
to be applicable to both initially cracked and uncracked interfaces (see Figure 2.9).

Figure 2.9 Initially cracked (left) and initially uncracked
(right) shear transfer push-off specimens (Hsu et al. 1987)
However, joints with concrete cast at different times (cold-joints) were not given much
interest until the recent studies such as Loov and Patnaik (1994), Kahn and Mitchell (2002),
Harries et al. (2012) and Shaw and Sneed (2014) by which test specimens with cold-joint
conditions at their interfaces were used in the investigation of the shear transfer problem.
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The shear strength of Concrete-to-concrete interfaces was described by Zilch and
Reinecke (2001) as combination of three load carrying mechanisms, which are: 1) adhesion
bond, 𝜏𝑎𝑑ℎ ; 2) shear-friction, 𝜏𝑠𝑓 ; and 3) shear reinforcement (dowel action), 𝜏𝑠𝑟 . Figure
2.10 shows the contribution of each mechanism to the shear transfer strength. The shear
strength by adhesion may be defined as the transference of stress throughout the chemical
bond connections between the particles of the new concrete and the existing one. The
adhesive bond is a rigid type of connection, which is the main difference between this
mechanism and the shear friction and dowel action.

Figure 2.10 Contribution of adhesion, shear-friction and
dowel action (Zilch & Reinecke, 2001)

When the maximum shear capacity of the adhesive bond is achieved, debonding of the
concrete-to-concrete interface faces occurs and the shear stress will be transferred by the
mechanical interlocking. However, if the interface is subjected to external compressive
forces or/and provided with adequate and well anchored reinforcement across it, the shear

19

stress will then be transferred by shear-friction. Due to slippage, the reinforcement across
a joint would be subjected to shear at the interface level, which is usually referred to as the
dowel action. The dowel action effect was investigated primarily by Hanson (1960),
Hofbeck et al. (1969), Paulay et al. (1974) and Walraven and Reinhardt (1981). These
authors showed that significant shearing resistance can be developed by the dowel action
only if large slip occurs along the joint. This slip may be in excess of what could be
considered acceptable within the limits of structural efficiency, and hence, the dowel action
cannot be considered a feasible shear resistance component along concrete-to-concrete
joints (Paulay et al. 1974).

2.4 Shear Transfer Models
There exists a large amount of research devoted to study the shear transfer mechanism
and to evaluate the shear transfer strength of interfaces between interconnected reinforced
concrete elements; the significant and most relevant research, since the 1960’s, will be
discussed herein. The corresponding design expressions are also presented. Some of these
expressions were originally proposed in imperial units, while others were expressed in SI
units. However, a single SI unit format is adopted in the following. Some expressions were
modified to follow the notation of this thesis.

2.4.1 Anderson (1960)
In this study, the author discussed the design of composite concrete beams. Push-off
tests were performed (Figure 2.11). A satisfactory shear connection was believed to be
possible if the interface surface was roughened to an amplitude of 6.4 mm (0.25 in) before
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casting the new concrete of the slab against the hardened concrete of the girder. It was
suggested that if the roughened surface of the hardened concrete was coated with a cement
slurry immediately before casting the new concrete would greatly enhance the bond at the
interface. The ultimate shear transfer resistance was assumed to vary linearly with the
amount of the reinforcement crossing the interface, and the following expression was
proposed:

𝒗𝒖 = 𝒗𝟎 + 𝒌𝝆𝒗

(2.4)

where 𝑣0 and 𝑘 are experimentally calibrated parameters:
𝑣0 = 4.41 MPa and 𝑘 = 229 for 𝑓𝑐′ = 20.7 MPa
𝑣0 = 5.52 MPa and 𝑘 = 276 for 𝑓𝑐′ = 51.7 MPa

Figure 2.11 Push-off specimen (Anderson, 1960)

2.4.2 Hanson (1960)
This was a systematic study that provided the first major development in the area of
composite construction. Ten simply supported composite T-beams, assorted into two series,
with four-point bending loading condition and a span of 3.7 m for the first series and 6 m
for the second series, in addition to 62 push-off specimens were tested (Figure 2.12).
Different amount of steel reinforcement was provided in addition to various types of
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preparations of the contact surface between the girder and the slab were used. The effect of
the bond between the girder and the slab was also investigated. The influence of the shear
keys on the shear transfer strength was also explored. It was shown that shear keys were
ineffective unless the bond at the interface was initially destroyed. Although, the concrete
compressive strength influence was not investigated in this study, it was suggested that it
has a possible effect on the shear transfer strength and further investigations are needed to
determine that. For test specimens in which the bond at the interface was utilized, the initial
shear stress peak developed at a small slip followed by an increase in the shear resistance
with increasing slip depending on the amount of the reinforcement existent in the joint. The
ultimate strength was noted at the initial peak at a slip of approximately 0.13 mm (0.005
in). It was concluded that this slip is a critical slip value after which the composite action
is rapidly lost.
The reported maximum shear stress resistance was of 3.45 MPa (500 psi) for rough
and bonded contact surface and a maximum of 2.07 MPa (300 psi) for smooth bonded
surface when the concrete strength varied between 20.7 to 34.5 MPa (3000 to 5000 psi).
An extra 1.21 MPa of shear resistance was proposed for an additional one percent of steel
reinforcement crossing the shear plane.
It was pointed out that the shear-slip behaviour of push-off specimens was similar to
that of the interfaces of composite girders. Therefore, push-off tests were considered a
valuable aid in evaluating of the horizontal shear strength of composite beams.
The elastic shear equation (Eq. 2.1) was used to evaluate the horizontal shear stresses
for the cracked and transformed sections of the tested composite concrete beams. However,
it was mentioned that this equation only gives an approximate estimation and provides a
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good basis for comparison.
Based on his test results, Hanson proposed the following equation for the ultimate
shear transfer stress for rough and bonded interfaces.

𝒗𝒖 = 𝟑. 𝟒𝟓 + 𝟏𝟐𝟏𝝆𝒗

(MPa)

(2.5)

Figure 2.12 Push-off specimen (Hanson, 1960)

2.4.3 Birkeland (1966, 1968)
The shear friction hypothesis was explained in details. The joint and the interface
roughness were idealized as shown in Figure 2.13. The roughness of the interface was
modeled as a series of saw-tooth ramps with a slope of 𝑡𝑎𝑛 ∅, Owing to the roughness of
the interface faces, the horizontal slippage, along the plane m-m shown in Figure 2.13(b),
is accompanied by a separation 𝛿 of the connected parts. This separation would put the
reinforcement crossing the shear plane in tension, resulting in a balancing compressive
stresses across the joint interface, and hence, a frictional shear resistance will be developed.
At ultimate, the shear friction theory assumes that the separation of the shear plane
is sufficient enough to stress the reinforcement across this plane to its yield point. The
proposed shear friction equation is as follows:
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𝒗𝒖 = 𝝆𝒗 𝒇𝒚 𝒕𝒂𝒏 ∅ = 𝝆𝒗 𝒇𝒚 𝝁

(2.6)

Figure 2.13 Shear friction hypothesis (Birkeland and Birkeland, 1966)

This expression was proposed for a crack in monolithic concrete and was extended to
include smooth concrete surfaces, intentionally roughened interfaces and concrete-to-steel
interfaces. The coefficient of friction was empirically determined and was defined for the
following situations: a) 𝜇 = 1.7, for a crack in monolithic concrete; b) 𝜇 = 1.4 , for
artificially roughened construction joints; and c) 𝜇 = 0.8 − 1, for ordinary construction
joints and concrete-to-steel interfaces. The yield strength of the reinforcement crossing the
interface should not exceed 414 MPa (60 ksi). This expression was limited to: 𝜌𝑣 ≤ 1.5%;
𝑣𝑢 ≤ 5.52 MPa (800 psi) and 𝑓𝑐′ ≥ 27.6 MPa (4000 psi).
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Birkeland (1968) was the first to introduce the following nonlinear expression for the
shear transfer strength along the junctions of the concrete members that are cast at different
times. His equation was developed based on the best fit of the available tests data at that
time.

𝒗𝒖 = 𝟐. 𝟕𝟖√𝝆𝒗 𝒇𝒚

(MPa)

(2.7)

This equation was not published and was only handed out as class notes for the
following reasons: 1) the apparent friction coefficient will vary with clamping stress from
less than one to infinity depending on the clamping stress and, hence, it has no physical
meaning; 2) it does not present the designer with the visual impact and simplicity of the
concept which is embodied in the linear equation of the shear friction (Eq. 2.6); and 3) the
coefficient 2.78 (33.5 in psi units) has an awkward unit of √MPa or (√psi).

2.4.4 Mast (1968)
This research provided more insight into the shear friction hypothesis. The shear
friction proposed by Birkeland and Birkeland (1966) was adopted by Mast. The limit of
(0.15𝑓𝑐′ ) for the reinforcement index ( 𝜌𝑣 𝑓𝑦 ) was granted and the values of the shear
coefficient were firmed up as: (a) 𝜇 = 1.4 for concrete-to-concrete rough interfaces; (b)
𝜇 = 1.0, for concrete-to-steel interfaces in composite beams; (c) 𝜇 = 0.7, for concrete-tosteel, field welded inserts; (d) 𝜇 = 0.7, for concrete-to-concrete smooth interfaces.
The limitations of the shear friction equation (Eq. 2.9) were emphasized as follows:
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1) When tensile stresses act across the crack, extra reinforcement should be provided
for these stresses in addition to the reinforcement required by the shear friction
model.
The shear transfer reinforcement should be anchored on both sides of the interface

2)

in order to develop the yield strength of steel at the ultimate load, but a finite slip
and consequent separation of both of the connected elements on each side of the
interface must take place.
3) The angle of internal friction 𝜙 shall be assumed to be independent of the concrete
strength and the shear stress level.

2.4.5 Mattock et al. (1969 – 2001)
Dr. Alan H. Mattock who was a professor at the University of Washington and his
coworkers conducted a series of research through which they investigated the shear friction
analogy proposed by Birkeland and Birkeland (1966) and Mast (1968) for various
conditions of the concrete joints.
Hofbeck, Ibrahim and Mattock (1969) developed an experimental program included a
total of 38 push-off tests to explore the influence of the pre-existing crack along the shear
plane, the concrete strength, the dowel action; and the reinforcement ratio and yield
strength.
In both the pre-cracked heavily reinforced specimens and initially uncracked
(monolithic) specimens, diagonal cracks across the joint developed prior to failure. Shear
strengths of initially uncracked specimens were generally higher than those of pre-cracked
specimens. However, the difference in the strengths between the two types decreased at
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higher values of the reinforcement index ( 𝜌𝑣 𝑓𝑦 ). The dowel action effect of the
reinforcement crossing the shear plane was shown to be insignificant when no a crack
existed prior to testing. However, a major contribution of the dowel action on the shear
transfer strength of initially cracked specimens was noted.
It was acknowledged that the shear friction hypothesis ignores the cohesion of the
concrete and compensates that with an apparent friction coefficient that is higher than the
actual one. Therefore, the shear friction equation (Eq. 2.6) was found to be reasonably
conservative at low values of the clamping stress and un-conservative for concrete
strengths higher than 28 MPa and when the clamping stress exceeds 4.2 MPa (600 psi).
A limit of clamping stress of 4.2 MPa was suggested in addition to Mast’s limit of
0.15𝑓𝑐′ (Mast, 1968). However, for heavily reinforced cracked joints, the shear friction
equation can be used with a friction coefficient of 1.0 and a clamping stress that does not
exceed the minimum of 0.3𝑓𝑐′ and 10.5 MPa.
A continuation study of the previous research was done by Mattock and Hawkins
(1972). Additional series of push-off specimens with cracked and uncracked interfaces
were conducted. Additional pull-off and modified push-off specimens, shown in Figure
2.14, were used to investigate the influence of the direct tensile stress and normal stresses
on the shear transfer strength, respectively. Similar conclusion with regard the influence of
the pre-existing crack was noted. However, initially uncracked push-off specimens
exhibited higher strength than the companion uncracked pull-off specimens. The authors
believed this to be caused by the reduction of cohesion when tensile stresses parallel to the
shear plane were introduced. In contrary, tensile stresses did not influence the strength of
initially cracked specimens.
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The effect of the stresses normal to the shear plane was studied through the push-off
specimens with an oblique shear plane (modified push-off specimens). It was concluded
that the external normal compressive stresses 𝜎𝑛 could be added to the reinforcement
index (𝜌𝑣 𝑓𝑦 ) in the evaluation of the shear transfer strength.
The shear transfer along a shear plane in monolithic concrete was believed to be
developed by the truss action (see Figure 2.8) after diagonal cracks across that plane
occurred. The behaviour of heavily reinforced precracked specimens was characterized by
the formation of the diagonal cracks across the shear plane similar to initially uncracked
specimens.
The authors presented a design expression to predict the ultimate shear stress resistance
across a crack in monolithic concrete (cracked interfaces) as a lower bound of their test
results, as follows:

𝒗𝒖 = 𝟏. 𝟑𝟖 + 𝟎. 𝟖(𝝆𝒗 𝒇𝒚 + 𝝈𝒏 )

(MPa)

(2.8)

The ultimate shear strength 𝑣𝑢 was limited to the smaller of 0.3𝑓𝑐′ and 10.34 MPa
(1500 psi), provided that the total clamping stress is not less than 1.38 MPa (200 psi).
The previous expression of Mattock and Hawkins (1972) was formulated as lower
bound for the experimental tests used for calibration. Yet, in a subsequent publication
Mattock (1974) presented a modified expression that corresponded to the mean values of
the test results reported in this publication and the previous work of Mattock and Hawkins
(1972) as follows:

𝒗𝒖 = 𝟐. 𝟕𝟔 + 𝟎. 𝟖(𝝆𝒗 𝒇𝒚 + 𝝈𝒏 )

(MPa)

(2.9)

provided that the total clamping stresses should not be less than 1.38 MPa (200 psi) and
the ultimate shear transfer strength 𝑣𝑢 is limited to the minimum of 0.3𝑓𝑐′ and 10.34 MPa.
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These expressions are usually referred to as the modified shear friction equations
which correspond to an interface crack model as shown in Figure 2.15. The first term added
to account for the cohesion of the interface, which represents the resistance of shearing of
the asperities of the local roughness. The second term represents the frictional shear
resistance to shear, which is associated with the general roughness, represented by 𝜇.

Figure 2.14 Shear transfer test specimens: (a) push-off; (b) pull-off;
(c) modified push-off (Mattock and Hawkins, 1972)
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Figure 2.15 General and local roughness of a crack face (Walraven et al. 1987)

Mattock (1974) also presented an experimental program involved 23 push-off
specimens to study the shear transfer across a plane inclined at an angle to a parallel or
orthogonal array of reinforcement (Figure 2.16). For parallel reinforcement crossing an
initially cracked concrete interface at an angle 𝜃 (Figure 2.17), the following expression
was proposed:

𝒗𝒖 = 𝟐. 𝟕𝟔 𝒔𝒊𝒏𝟐 𝜽 + 𝝆𝒗 𝒇𝒔 (𝟎. 𝟖 𝒔𝒊𝒏𝟐 𝜽 − 𝟎. 𝟓 𝒔𝒊𝒏 𝟐𝜽) (MPa)

(2.10)

provided that 𝑣𝑢 shall not exceed 0.3𝑓𝑐′ . The term 𝑓𝑠 in the above equation was
evaluated from the test results for a coefficient of friction 𝜇 of 0.8 as follows:
𝑓𝑠 = 0 for 0 < 𝜃 < 51.3𝑜
𝑓𝑠 = −1.6𝑓𝑦 𝑐𝑜𝑠(𝜃 + 38.7𝑜 ) for 51.3𝑜 ≤ 𝜃 < 90𝑜
𝑓𝑠 = 𝑓𝑦 for 90𝑜 ≤ 𝜃 ≤ 180𝑜
Mattock et al. (1975) investigated the design considerations of the shear transfer along
a shear plane when the direct shear is accompanied by a moment and normal forces acting
on that plane. In addition, the effect of the tension force acting transversal to the shear plane
on the direct shear that can be transferred across that plane was investigated through series
of push-off tests. Specimens were provided with anchorages on opposite sides of the shear
plane as illustrated in Figure 2.18.
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The most relevant to the present work and important conclusion drawn in this study, is
that the variation in the shear stress due to the change of the total clamping stress (𝜎 =
𝜌𝑣 𝑓𝑦 + 𝜎𝑛 ) is the same whether that change was in the reinforcement parameter 𝜌𝑣 𝑓𝑦 or
was in the external normal stress 𝜎𝑛 . Based on this observation, the authors recommended
to combine the external clamping stress to the reinforcement index when evaluation the
shear transfer strength of an interface.

Figure 2.16 Shear transfer test specimens with
orthogonal and parallel reinforcement (Mattock, 1974)

𝜃

Figure 2.17 Shear-Friction
reinforcement at an angle to
the shear plane

31

Figure 2.18 Push-off specimen with tension across the
shear plane (Mattock et al. 1975)
To study the shear transfer strength of connections in precast structures made of
lightweight concrete, Mattock et al. (1976) introduced a testing program involved initially
cracked and uncracked push-off specimens made of lightweight concrete (all-lightweight
concrete and sanded lightweight concrete).
Diagonal cracks that were observed in the previous tests of Mattock and Hawkins
(1972), for heavily reinforced cracked interfaces with normal weight concrete, were not
reported when lightweight concrete was used. The shear transfer strength of the initially
cracked specimens made of lightweight concrete was less than that of normal weight
concrete specimens with the same compressive strength. In the authors’ opinion this was
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due to the differences in the roughness of the crack faces. When the specimens were cut
open at their interfaces, the crack faces in normal weight concrete were rougher than those
in lightweight concrete. Two equations for shear transfer strength along pre-cracked
interfaces for lightweight concrete were proposed.
For sanded lightweight concrete

𝒗𝒖 = 𝟏. 𝟕𝟐 + 𝟎. 𝟖𝝆𝒗 𝒇𝒚

(MPa)

(2.11)

provided that 𝑣𝑢 should not exceed 0.2𝑓𝑐′ neither 6.90 MPa (1000 psi), and the clamping
stress 𝜌𝑣 𝑓𝑦 is not less than 1.38 MPa (200 psi).
For all lightweight concrete:

𝒗𝒖 = 𝟏. 𝟑𝟖 + 𝟎. 𝟖𝝆𝒗 𝒇𝒚

(MPa)

(2.12)

provided that 𝑣𝑢 is not more than 0.2𝑓𝑐′ neither 5.52 MPa (800 psi), and the clamping
stress 𝜌𝑣 𝑓𝑦 is not less than 1.38 MPa (200 psi).
In the discussion of the study of Walraven et a. 1987, Mattock (1988) added the effect
of the concrete strength to his previous equation (Eq. 2.9) and represented it as follows:

𝒗𝒖 = 𝟎. 𝟒𝟔𝟕𝒇′𝒄

𝟎.𝟓𝟒𝟓

+ 𝟎. 𝟖(𝝆𝒗 𝒇𝒚 + 𝝈𝒏 )

(MPa)

(2.13)

where the ultimate shear transfer 𝑣𝑢 is upper limited to 0.3𝑓𝑐′ .
Mattock pointed out that the first term in this equation represents the resistance to
shearing off the asperities of the interface surface and, hence, this term should include the
concrete strength. However, the second term, which denotes the frictional shear resistance,
should be independent of the concrete strength.
Mattock (1994), commenting the study of Loov and Patnaik (1994), proposed a design
expression of the ultimate shear transfer calibrated as a lower bound of the test results of
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Loov and Patnaik (1994) and others. Being the ultimate shear transfer stress for a crack in
monolithic normal weight concrete, predicted by:

𝒗𝒖 =

√𝝆𝒗 𝒇𝒚 ′ 𝟎.𝟕𝟑
𝒇
𝟒. 𝟓𝟑𝟔 𝒄

(MPa)

(2.14)

where 𝑣𝑢 should not exceed 0.3𝑓𝑐′ .
Mattock (1994) also suggested the following expression for initially cracked and
roughened interfaces between concretes cast at different times:

𝒗𝒖 =

√𝝆𝒗 𝒇𝒚 ′ 𝟎.𝟕𝟑
𝒇
− 𝟎. 𝟎𝟐𝒇′𝒄
𝟒. 𝟓𝟑𝟔 𝒄

(MPa)

(2.15)

where 𝑣𝑢 should not exceed 0.3𝑓𝑐′ .
It was also pointed out that the interface roughness plays a major role in the shear
transfer strength of that interface. Therefore, it was recommended that some numerical
measure of the roughness should continue to be specified in the design codes.
Mattock (2001) conducted an analytical study on the test results of push-off specimens
with initially cracked interfaces of previous studies (Hofbeck et al. 1969; Mattock and
Hawkins, 1972; Mattock et al. 1975; Mattock et al. 1976; Mattock, 1976; Walraven et al.
1987; Walraven and Stroband, 1994). It was intended to improve the shear friction
provisions of the ACI 318 (1999) in evaluating the shear transfer strength along concrete
joints, particularly, when high-strength concrete is used.
The author proposed the following expressions corresponding to various concrete types
and strengths and different conditions at the shear interface.
1. For shear transfer along a crack in monolithic concrete, or a crack between
concretes cast at different times with its surface intentionally roughened:
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a. When the total normal stress ( 𝜎 = 𝜌𝑣 𝑓𝑦 + 𝜎𝑛 ) is greater than or equal to
𝐾1 /1.45 , or when the longitudinal shear stress is greater than or equal to
1.55𝐾1 , the ultimate shear transfer stress resistance is given by:

𝒗𝒖 = 𝑲𝟏 + 𝟎. 𝟖(𝝆𝒗 𝒇𝒚 + 𝝈𝒏 )

(2.16)

but not greater than 𝐾2 𝑓𝑐′ neither 𝐾3
b. When the total normal stress (𝜎 = 𝜌𝑣 𝑓𝑦 + 𝜎𝑛 ) is less than or equal to 𝐾1 /1.45,
or when the imposed nominal direct shear stress is less than or equal to 1.55𝐾1 ,
the ultimate nominal shear transfer strength is given by:

𝒗𝒖 = 𝟐. 𝟐𝟓(𝝆𝒗 𝒇𝒚 + 𝝈𝒏 )

(2.17)

The coefficients, 𝐾1 , 𝐾2 , and 𝐾3 are defined for the following conditions:


For monolithic normal-weight concrete, 𝐾1 = 0.1𝑓𝑐′ but not more than
5.52 MPa (800 psi); 𝐾2 = 0.3; and 𝐾3 = 16.55 MPa (2400 psi).



For normal-weight concrete placed against hardened concrete with the
interface intentionally roughened, 𝐾1 = 2.76 MPa (400 psi); 𝐾2 =
0.3; and 𝐾3 = 16.55 MPa (2400 psi).



For Sand-lightweight concrete, 𝐾1 = 1.72 MPa (250 psi) ; 𝐾2 =
0.2; and 𝐾3 = 8.27 MPa (1200 psi).



For all lightweight concrete, 𝐾1 = 1.38 MPa (200 psi); 𝐾2 = 0.2 ;
and 𝐾3 = 8.27 MPa (1200 psi).

2. For concrete placed against hardened concrete with the substrate surface not
intentionally roughened, the ultimate shear transfer is given by:
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𝒗𝒖 = 𝟎. 𝟔𝝀𝝆𝒗 𝒇𝒚

(2.18)

provided that 𝑣𝑢 does not exceed 0.2𝑓𝑐′ neither 5.52 MPa (800 psi)
3. For concrete placed against clean, unpainted, as-rolled steel using headed studs or
reinforcing bars, the ultimate shear transfer is predicted by:

𝒗𝒖 = 𝟎. 𝟕𝝀𝝆𝒗 𝒇𝒚

(2.19)

provided that 𝑣𝑢 does not exceed 0.2𝑓𝑐′ neither 5.52 MPa (800 psi).
The concrete density coefficient, 𝜆 is taken as 1.00 for normal density concrete; 0.85
for sand-lightweight concrete; and 0.75 for all-lightweight concrete.

2.4.6 Paulay, Park and Phillips (1974)
In this systematic and comprehensive study, 36 push-off specimens with different
configurations from the previous research were tested (see Figure 2.19). The investigated
parameters were, the roughness of the contact surface, the reinforcement dowel action and
the reinforcement ratio. Six specimens were cast monolithically as control specimens. few
specimens were subjected to alternating cyclic loading. The bond at the interface was
initially destroyed in some specimens to determine the contribution of the dowel action to
the shear transfer strength. The authors concluded that the large displacements associated
with significant dowel action resistance are not practical and, hence, the dowel action
cannot be considered in the design of the construction joints regarding the shear transfer
strength. It was observed that the roughness of the joint is a major parameter in the shear
transfer along construction joints. Specimens with rough surfaces and the bond destroyed
(by spraying three coats of varnish) along their joints exhibited higher slips and lower shear
strengths. The bond was pointed out to be most significant in increasing the joint stiffness.
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The interface shear strength of construction joints was reported to be maintained during the
cycling loading without accumulating of excessive residual slips.

Figure 2.19 Test specimen and setup (Paulay et al. 1974)

2.4.7 Loov (1978, 1994)
Loov (1978) was the first to incorporate the influence of concrete strength in the shear
transfer strength of concrete-to-concrete interfaces. His proposed equation was in the
following non-dimensional form:

𝒗𝒖
𝝈
=
𝒌
√
𝒇′𝒄
𝒇′𝒄

(2.20)

𝒗𝒖 = 𝒌√𝝈𝒇′𝒄

(2.21)

It can also be written as:

The author suggested a value of 0.5 for the constant 𝑘 for initially uncracked shear
interfaces. It should be noted that this equation is identical to Birkeland’s equation (Eq. 2.7)
when 𝑘 = 0.5, and 𝑓𝑐′ = 30.9 MPa. If no external normal stresses are applied on a shear
plane crossed by a perpendicular reinforcement (i.e. σn = 0), the above equation becomes:
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𝒗𝒖 = 𝒌√𝝆𝒗 𝒇𝒚 𝒇′𝒄

(2.22)

A research regarding the longitudinal shear transfer strength along the interfaces
between precast girders and cast-in-place slabs was done by Loov and Patnaik (1994). A
total of 16 composite concrete beams were tested in which the reinforcement ratio and the
concrete strength was the primary investigated parameters. Clamping stresses (𝜌𝑣 𝑓𝑦 ) were
varied from 0.4 to 7.72 MPa. In this study, the interface surface was left as-cast in all beam
specimens and was described as “well compacted having a rough surface, clean and free
of laitance, with coarse aggregate protruding but firmly fixed in the matrix”.
The ultimate horizontal shear resistance of the studied beam specimens was not
obtained until a minimum slip of at least of 0.5 mm was reached. The authors indicated
that at a slip of 0.13 mm suggested by Hanson (1960), the stresses in the steel reinforcement
were much lower than the yield stress. However, at 0.5 mm slip, the stresses in most of the
steel passing the interface were near the yield point.
The evaluation of the horizontal shear at the interface between the web and its flange,
at the ultimate load, was based on the elastic shear equation (Eq. 2.1) using the cracked
transformed properties of the beam cross section. However, the authors realized that this
equation is an approximate and provides only a basis of comparison.
The following expression for the shear strength for interfaces in composite beams
without shear ties was proposed.

𝒗𝒖 = 𝟎. 𝟔√𝟎. 𝟏𝒇′𝒄

(MPa)

(2.23)

This equation was combined with Loov’s equation (Eq. 2.22) to provide a general
expression for the ultimate shear transfer in composite concrete beams as follows:
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𝒗𝒖 = 𝝀𝒌√(𝟎. 𝟏 + 𝝆𝒗 𝒇𝒚 )𝒇′𝒄

(MPa)

(2.24)

As a lower bound for all tests data, a value of 0.6 for the constant 𝑘 was suggested.
However, for design purpose and to account for the roughness variation of the interface
during construction, a value of 0.5 for 𝑘 was granted. The constant, 𝑘, was kept as 0.6
kept for monolithic construction where the variation of the roughness is not warranted. The
maximum value of the longitudinal shear stress is limited to 0.25𝑓𝑐′ . In the above
expression, 𝜆 is taken equal to 1.00 for normal weight concrete; 0.85 for sand-lightweight
concrete; and 0.75 for all lightweight concrete.

2.4.8 Patnaik (2001)
This study was conducted by Patnaik (2001) to study the behaviour of composite
concrete beams with smooth interfaces. The results of 24 test beams tested in this study, in
addition to eighteen test beams results of a previous research were used in the analysis of
the horizontal shear across smooth interfaces. Some remarkable conclusions were drawn
and a design expression for the ultimate shear transfer along smooth interfaces was
proposed. It was shown that the concrete strength and the ratio of the effective depth to the
shear span (d/s) do not influence the horizontal shear strength of smooth interfaces. The
most significant factor, in this case, was the reinforcement parameter. Accordingly, the
ultimate longitudinal shear stress of smooth interfaces was suggested as follows:

𝒗𝒖 = 𝟎. 𝟔 + 𝝆𝒗 𝒇𝒚

(MPa)

(2.25)

provided that 𝑣𝑢 should not exceed 0.2𝑓𝑐′ neither 5.52 MPa (800 psi), and the
reinforcement clamping stress 𝜌𝑣 𝑓𝑦 is not less than 0.35 MPa (50.8 psi). Although it was
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mentioned that some longitudinal shear resistance can be delivered from unreinforced
smooth interfaces, because of the associated uncertainty, the author suggested that no shear
strength (i.e. 𝑣𝑢 = 0) should be considered in the case when 𝜌𝑣 𝑓𝑦 is less than 0.35 MPa
(50.8 psi).

2.4.9 Kahn and Mitchell (2002)
It was intended, in this study, to examine the applicability of the ACI 318 (1999) shear
friction provisions for high-strength concretes. 50 push-off specimens with initially
uncracked, cracked and cold-joint interfaces were tested. In specimens with cold-joint
condition, the interface surface was left as-cast which provided a rough surface equivalent
to an artificially roughened surface to an average amplitude of 6 mm. The failure of
specimens with uncracked and cold-joint interfaces was initiated by diagonal cracks to the
shear plane and was accompanied by large amount of concrete spalling. This fracture was
similar to what was observed by Hofbeck et al. (1969) and Mattock and Hawkins (1972).
The authors made an observation that the ultimate strength of uncracked and cold-joint
specimens were similar, and the residual capacities of the latter specimens were similar to
those of precracked specimens. The precracking procedure, initially proposed by Hofbeck
et al. (1969), which was also applied to test specimens of this study, was considered to
stimulate an initial fracture of the joint rather than just an accidental crack. In conclusion,
the ACI 318 (1999) shear friction provisions were found to be conservative in estimating
the interface shear strength for high-strength concrete and the following shear friction
equation was proposed for both uncracked and cold-joint rough interfaces:

𝒗𝒖 = 𝟎. 𝟎𝟓𝒇′𝒄 + 𝟏. 𝟒𝝆𝒗 𝒇𝒚
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(2.26)

where the ultimate shear strength 𝑣𝑢 was upper limited to 20% of the concrete
compressive strength 𝑓𝑐′ (i.e. 𝑣𝑢 ≤ 0.2𝑓𝑐′ ).

2.4.10 Mansur, Vinayagam and Tan (2008)
The objective of this research was to look for a more representative model for tests
data of precracked interfaces with high strength concrete of 70 to 100 MPa, and to examine
the validity of the previously proposed models by different researchers. The experimental
part of this study involved 19 precracked push-off specimens with the concrete strength
and the reinforcement parameter are the variables among them. The analytical analysis
involved 154 data collated from the literature, including the results of this study.
The cohesion of the interface was found to be mainly dependent of the concrete
strength. The actual coefficient of friction of precracked interfaces was found independent
of the concrete strength and equal to 0.55. A single curve formulation was proposed based
on the expression of Mau and Hsu (1988). This expression was given as:

𝝆𝒗 𝒇𝒚
𝒗𝒖
=
𝟎.
𝟓𝟔𝟔
(
)
𝒇′𝒄
𝒇′𝒄

𝟎.𝟓

≤ 𝟎. 𝟑

(2.27)

In addition, the authors proposed a trilinear correlation, in which the shear transfer
strength was given by an expression for each of three different linear branches of the
idealized load-defamation curve proposed in this paper. For the first branch corresponding
to the normalized clamping stresses (𝜌𝑣 𝑓𝑦 /𝑓𝑐′ ) less than 0.075, the proposed expression
was:

𝝆𝒗 𝒇𝒚
𝒗𝒖
=
𝟐.
𝟓
(
)
𝒇′𝒄
𝒇′𝒄

41

(2.28)

For normalized clamping stresses varying in the range of 0.075 to 0.270, corresponding
to the middle branch of the trilinear idealization, the normalized with respect to the concrete
strength ultimate shear transfer stress is given by:

𝝆𝒗 𝒇𝒚
𝒗𝒖
𝟎. 𝟓𝟔
=
+
𝟎.
𝟓𝟓
(
)
𝒇′𝒄 (𝒇′𝒄 )𝟎.𝟑𝟖𝟓
𝒇′𝒄

(MPa)

(2.29)

For higher values of the normalized clamping stresses, the third linear branch
represents the maximum upper limit of the longitudinal shear transfer strength. The authors
claimed that this limit was necessary to ensure that the steel will yield at failure. Therefore,
the last linear branch was defined as:

𝒗𝒖
= 𝟎. 𝟑
𝒇′𝒄

(2.30)

In the conclusion of this study, it was stated that the single curve equation (Eq. 2.27),
provided better predictions of the shear transfer strength than the trilinear model does, and
hence, it was recommended for design purposes.

2.4.11 Harries, Zeno and Shahrooz (2012)
The authors of this paper made an effort to provide an improved understanding of the
shear friction hypothesis in describing the behaviour of reinforced concrete-to-concrete
interfaces. The primarily focus of this study was to verify what was implied by all the
previous shear friction equations that the ultimate shear stress is achieved at the yielding
of the steel across the shear plane. Eight typical push-off tests with cold-joint condition at
their interfaces were tested. Two types of steel were used, which are intermediate strength
steel with an average yield strength of 424 MPa and high strength steel with a yield strength
of 896 MPa. No.3 (9.5 mm) and No. 4 (12.7 mm) bars were used for each type of steel.
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The authors reported that the ultimate shear transfer strength was not affected by the grade
of steel. The most critical finding of this study is that the stresses in the interface steel
reinforcement were reported to be significantly lower than the yield stress at the ultimate
load. In the light of these observations, it was suggested that the clamping stresses at the
ultimate load should be a function of the modulus of elasticity of steel 𝐸𝑠 rather than the
yield strength 𝑓𝑦 . Three different expressions of the ultimate shear transfer stress were
proposed as follows:
For interfaces in monolithic concrete

𝒗𝒖 = 𝟎. 𝟎𝟕𝟓𝒇′𝒄 + 𝟎. 𝟎𝟎𝟐𝑬𝒔 𝝆𝒗

(2.31)

For rough cold-jointed interfaces

𝒗𝒖 = 𝟎. 𝟎𝟒𝟎𝒇′𝒄 + 𝟎. 𝟎𝟎𝟐𝑬𝒔 𝝆𝒗

(2.32)

𝒗𝒖 = 𝟎. 𝟎𝟎𝟐𝑬𝒔 𝝆𝒗

(2.33)

For cracked interfaces

As implied by these equations, a value of the friction coefficient of 1 was granted.
The authors proposed that external clamping stresses contribute in the shear strength prior
to the cracking of the interface. Therefore, they should be neglected in shear friction
calculations, unless no cracking, along the interface plane, is permitted. The ultimate shear
transfer stress 𝑣𝑢 is upper limited to 0.2𝑓𝑐′ .
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2.5 Design Requirements of Shear Transfer in Major Design Codes
In this section, the design requirements for shear transfer strength design requirements
in various major design codes are presented. The limitations and conditions associated with
each code are also pointed out.

2.5.1 ACI 318 (2014)
The American building code requirements for structural concrete ACI 318 (2014) and
commentary ACI 318R (2014) adopted the original expression of the shear friction theory
proposed by Birkeland and Birkeland (1966) and Mast (1968). The ultimate nominal shear
transfer resistance is governed by friction only as specified in Clause 22.9 of the ACI 318
(2014) as follows:

𝒗𝒖 = 𝝆𝒗 𝒇𝒚 (𝝁 𝐬𝐢𝐧 𝜶𝒇 + 𝐜𝐨𝐬 𝜶𝒇 )

(2.34)

The latter equation does not explicitly account for concrete cohesion neither for the
dowel action of the reinforcing bars. The coefficient of friction 𝜇 is defined in clause
22.9.4.2 of the ACI 318 (2014) according to the condition and preparation of the interface
surface as represented in Table 2.1. In this table, 𝜆 is a modification factor related to
concrete density and is identified as: 1.00 for normal-weight concrete; and 0.75 for all
lightweight concrete. For other cases, 𝜆 is calculated based on the volumetric proportions
of lightweight and normal-weight aggregates but should not exceed 0.85.
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Table 2.1 Coefficient of friction, μ proposed by ACI 318 (2014)
Contact surface condition

𝝁

Concrete placed monolithically

1.4𝜆

Concrete placed against clean, free of laitance, and hardened concrete that is
intentionally roughened to an amplitude of 0.25 in (6.35 mm)

1.0𝜆

Concrete placed against clean, free of laitance, and hardened concrete that is not
intentionally roughened

0.6𝜆

Concrete placed against as-rolled structural steel that is clean, free of paint, and
provided with headed shear studs or welded deformed bars or wires

0.7𝜆

However, section 16.4 of the ACI 318 (2014) permits the nominal shear transfer
resistance of contact surfaces of the interconnected members of composite concrete beams
to be taken according to Table 2.2 only if the nominal longitudinal shear stress induced
along a shear plane does not exceed 500 psi (3.45 MPa).
The minimum shear transfer reinforcement area 𝐴𝑣,𝑚𝑖𝑛 is defined in section 16.4.6
as follows:
𝝆𝒗,𝒎𝒊𝒏 = 𝐭𝐡𝐞 𝐠𝐫𝐞𝐚𝐭𝐞𝐫 𝐨𝐟 {

𝟎. 𝟕𝟓√𝒇′𝒄 /𝒇𝒚 𝐢𝐧 𝐩𝐬𝐢 (𝟎. 𝟎𝟔√𝒇′𝒄 /𝒇𝒚 in MPa)
𝟓𝟎/𝒇𝒚 𝐢𝐧 𝐩𝐬𝐢
(𝟎. 𝟑𝟒/𝒇𝒚 in MPa)

(2.35)

A maximum ultimate shear transfer stress, computed by Eq. 2.34, was also introduced
in the ACI 318 (2014) in the shear friction provisions as follows: (a) for normal weight
concrete placed monolithically or against hardened and roughened concrete to an amplitude
of at least 0.25 in. (6.35 mm), the value of the shear strength 𝑣𝑢 is upper limited to the
lesser of 0.2𝑓𝑐′ , 480+0.08𝑓𝑐′ psi (3.3+0.08𝑓𝑐′ MPa), and 1600 psi (11 MPa). In all other
cases, the maximum limit of the shear transfer stress is taken as the minimum of 0.2𝑓𝑐′
and 800 psi (5.52 MPa).
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Table 2.2 Nominal horizontal shear strength specified by ACI 318 (2014)
Shear transfer
reinforcement

𝜌𝑣 ≥ 𝜌𝑣,𝑚𝑖𝑛

Contact surface
preparation

Longitudinal shear strength, 𝑽𝒏𝒉

Concrete placed against
hardened concrete
intentionally roughened to
a full amplitude of
approximately 0.25 in
(6.35 mm)
Concrete placed against
hardened concrete not
intentionally roughened

Other cases

Concrete placed against
hardened concrete
intentionally roughened

𝜆(260 + 0.6𝜌𝑣 𝑓𝑦 )
lesser of {
(psi)
500
Or
𝜆(1.8 + 0.6𝜌𝑣 𝑓𝑦 )
lesser of {
(MPa)
3.45
80 psi (0.55 MPa)

80 psi (0.55 MPa)

2.5.2 CAN/CSA A23.3 (2004)
According to the Canadian design code of concrete structures CAN/CSA A23.3 (2004),
an existing crack along a shear plane shall be assumed. The relative displacement of the
structural components connected at an interface is resisted by cohesion and friction as
indicated by the modified shear friction theory (Mattock and Hawkins, 1972; Mattock,
1974; Mattock et al., 1976 and others). Based on these considerations, the nominal (unfactored) ultimate shear transfer stress for an interface is given as:

𝒗𝒖 = 𝝀(𝒄 + 𝝁𝝈) + 𝝆𝒗 𝒇𝒚 𝐜𝐨𝐬 𝜶𝒇

(2.36)

Provided that the term 𝜆(𝑐 + 𝜇𝜎) is upper limited to 0.25𝑓𝑐′ and where 𝜆 is the
concrete density modification factor and is taken as: 1.00 for normal density concrete; 0.85
for semi-low-density concrete; and 0.75 for low-density concrete, 𝑐 is the cohesion stress,
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𝜇 is the friction coefficient, 𝜎 = 𝜌𝑣 𝑓𝑦 sin 𝛼𝑓 + 𝑁/𝐴𝑐𝑣 is the effective total normal stress
to the shear plane, 𝜌𝑣 is the ratio of the reinforcement crossing the shear plane, 𝑓𝑦 is its
yield strength, 𝛼𝑓 is the angle of inclination to the shear plane of the shear friction
reinforcement, 𝑁 is the unfactored permanent load perpendicular to the shear plane, and
𝐴𝑐𝑣 is the area of the concrete section of the shear plane resisting shear transfer. Table 2.3
shows the values of 𝑐 and 𝜇 associated with various conditions of the shear plane
according to the CSA A23.3 (2004).
Table 2.3 Values of c and μ proposed by CAN/CSA A23.3 (2004)
Surface condition

𝒄 (MPa)

𝝁

concrete placed against hardened
concrete with the surface clean
but not intentionally roughened

0.25

0.60

Concrete Placed against hardened
concrete with the surface clean
and intentionally roughened to a
minimum of 5 mm

0.50

1.00

concrete placed monolithically

1.00

1.40

0

0.60

concrete placed against as-rolled
structural steel with headed studs
or reinforcing bars

As an alternative to the shear friction equation, the Canadian standard CSA A23.3
(2004) introduces an expression for the nominal shear transfer (i.e. 𝜙𝑐 = 1 and 𝜙𝑠 = 1)
based on the equation proposed by Loov (1978). The code, however, limits the application
of the following expression to interfaces where the concrete is placed monolithically or
placed against hardened concrete with the surface intentionally roughened to an amplitude
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of at least 5 mm.

𝒗𝒖 = 𝝀𝒌√𝝈𝒇′𝒄 + 𝝆𝒗 𝒇𝒚 𝐜𝐨𝐬 𝜶𝒇

(2.37)

provided that 𝜆𝑘√𝜎𝑓𝑐′ should not exceed 0.25𝑓𝑐′ . Where 𝑘 = 0.5 for concrete placed
against hardened concrete and 𝑘 = 0.6 for monolithic concrete.
The code also specifies particular situations regarding composite concrete beams to be
considered prior to the design using either Eq. 2.36 or 2.37. It is stated in section 17 that
the maximum nominal longitudinal shear stress (i.e. 𝜙𝑐 = 1 ) of a clean interface that is
intentionally roughened should not be taken as greater than 0.7 MPa if ties are not provided
across such an interface. Furthermore, when minimum ties are provided according to Eq.
2.38 across a clean but not intentionally roughened interface the maximum shear transfer
resistance of such interface is 0.7 MPa. The minimum reinforcement for the longitudinal
shear transfer proposed by this code is similar to transversal shear minimum reinforcement
and it can be written in term of the reinforcement ratio as follows:

𝝆𝒗,𝒎𝒊𝒏 = 𝟎. 𝟎𝟔√𝒇′𝒄 /𝒇𝒚

(2.38)

where 𝑓𝑐′ and 𝑓𝑦 are in MPa. The maximum spacing of the lesser of 600 mm (24 in) and
four times the least dimension of the supported member is also recommended.

2.5.3 CAN/CSA S6 (2014)
The Canadian bridge and highway design code CSA S6 (2014) adopted the same
procedure outlined by the CSA A23.3 (2004). The alternative approach of the CSA A23.3
(2004) is not considered in the bridge code. Some slight differences can also be noted. in
Eq. 2.36 the concrete density modification factor 𝜆 is to be multiplied by the term that
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includes the coefficient of friction 𝜇 specified according to Table 2.3, instead of being
multiplied by the entire first term of the latter equation. Additional to the maximum limit
of the shear transfer specified by the CSA A23.3 (2004) of 0.25𝑓𝑐′ , the Canadian Bridge
Code specifies another limit of 6.5 MPa, whichever is less.

2.5.4 CPCI (2007)
The interface shear transfer procedure outlined in section 3.6.4 of the Precast and
Prestressed Concrete Institute design manual, CPCI (2007) is based on the interface shear
transfer provisions of the CSA A23.3 (2004). However, this manual maintains the
maximum nominal shear transfer strength of 0.25𝑓𝑐′ recommended by the building code
CSA A23.3 (2004) when the concrete compressive strength is equal to or less than 28 MPa,
but, for higher concrete strength, the upper limit of the nominal shear transfer strength is
specified as 7 MPa.

2.4.5 Eurocode 2 (2004)
The Eurocode 2 (2004): Design of concrete structures selected a design expression for
the shear transfer design along interfaces with concretes cast-at-different times similar to
the modified shear friction expression proposed by Mattock (1974). This expression
incorporates the influence of the surface cohesion and friction.

𝒗𝒖 = 𝒄𝒇𝒄𝒕𝒅 + 𝝁𝝈𝒏 + 𝝆𝒗 𝒇𝒚 (𝝁 𝐬𝐢𝐧 𝜶𝒇 + 𝐜𝐨𝐬 𝜶𝒇 ) ≤ 𝟎. 𝟓𝝂𝒇𝒄𝒅

(2.39)

It also considers four conditions of the interface surface of shear plane in the evaluation
of 𝑐 and 𝜇, namely: (a) very smooth surface, that is the surface resulted when concrete
is cast

against

steel,

plastic or specially prepared wooden moulds ( 𝑐 =
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0.025 𝑡𝑜 0.1 and 𝜇 = 0.5) ; (b) smooth surface which is a slipformed or extruded
surface, or that left without any further treatment after the vibration (𝑐 = 0.2 and 𝜇 =
0.6); (c) rough surface which has a roughness of an amplitude of 3 mm at a spacing of a
minimum of 40 mm, attained by raking, exposing of aggregate or other methods (𝑐 =
0.4 and 𝜇 = 0.7); and (d) indented surface with a longitudinal undulation as shown in
Figure 2.20 (𝑐 = 0.5 and 𝜇 = 0.9).

Figure 2.20 Indented interface surface [adpoted from Eurocode 2 (2004)]

2.5.6 AASHTO LFRD Bridge Design Specifications (2012)
The bridge design specifications AASTHO LFRD (2012) specifies several situations
where the shear transfer along a definite plane should be considered in section 5.8.4 of this
code, they are: (a) an existing or potential crack; (b) an interface between different materials;
(c) an interface between two concretes cast at different times; and (d) an interface between
different elements of a cross section. The design of such cases is carried according to the
modified shear friction equation (Mattock and Hawkins, 1972), which accounts for an
interface cohesion provided by the concrete interface. The ultimate nominal shear transfer
stress 𝑣𝑢 is given by:
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𝒗𝒖 = 𝒄 + 𝝁(𝝆𝒗 𝒇𝒚 + 𝝈𝒏 )

(2.40)

where 𝑐 is the cohesion associated with the concrete plane of an interface, 𝜇 is the
friction factor, 𝑓𝑦 the yield strength of the steel [limited to 60 ksi (414 MPa)], 𝜌𝑣 is the
ratio of the reinforcement crossing, perpendicularly, the interface, and 𝜎𝑛 is the permanent
compressive stress normal to the shear plane (zero if tension). The value of the shear
resistance calculated according to Eq. 2.54 should not be greater than the lesser of 𝐾1 𝑓𝑐′ ,
and 𝐾2 . The fraction of concrete strength available to resist the interface shear 𝐾1 , and the
factor 𝐾2 , 𝑐 and 𝜇 are specified in the code for various conditions of the substrate
interface according to Table 2.4.

2.5.7 AASHTO Standard Specifications for Highway Bridges (2002)
Similar to the ACI 318 (2014), the standard specifications or highway bridges
AASHTO (2002) granted the original friction theory of Birkeland and Birkeland (1966)
and Mast (1968) to predict the shear transfer capacity of an existing or a potential crack in
reinforced concrete. Being the ultimate shear transfer stress 𝑣𝑢 predicted by:

𝒗𝒖 = 𝝆𝒗 𝒇𝒚 (𝝁 𝐬𝐢𝐧 𝜶𝒇 + 𝐜𝐨𝐬 𝜶𝒇 )

(2.55)

The coefficient of friction 𝜇 varies according to the interface surface condition as
follows: (a) for concrete placed monolithically, 𝜇 = 1.4𝜆; (b) for concrete placed against
hardened and intentionally roughened concrete to an amplitude of 0.25 in (6.35 mm)
surface, 𝜇 = 1.0𝜆 ; (c) for concrete placed against hardened concrete not intentionally
roughened, 𝜇 = 0.6𝜆 ; and (d) for concrete anchored to as-rolled, clean and unpainted
structural steel by headed studs or reinforcing bars, 𝜇 = 0.7𝜆. 𝜆 is the concrete density
factor: 𝜆 = 1.00 for normal-weight concrete; 𝜆 = 0.85 for sand-lightweight concrete;
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and 𝜆 = 0.75 for all lightweight concrete. The shear transfer strength is upper limited so
that it should not exceed 0.09𝑓𝑐′ neither 360 psi (2.5 MPa).
Table 2.4 Values of c, 𝜇 and factors 𝑘1 and 𝑘2 according to AASHTO LFRD (2012)
Interface condition

c

𝝁

𝒌𝟏

𝒌𝟐

cast-in-place concrete slab
placed against hardened, clean
and roughened to an amplitude
of 0.25 in (6.35mm) surface of a
concrete girder

1.8 ksi (12.4 MPa) for
normal-weight concrete

0.28 ksi
(1.93 MPa)

1.0

normal-weight concrete placed
monolithically

0.4 ksi
(2.76 MPa)

1.4

0.25

1.5 ksi (10.3 MPa)

lightweight concrete placed
monolithically or nonmonolithically against a clean
concrete surface intentionally
roughened to an amplitude of
0.25 in (6.35 mm)

0.24 ksi
(1.66 MPa)

1.0

0.25

1.0 ksi (6.9 MPa)

Normal-weight concrete placed
against a clean concrete
surface intentionally roughened
to an amplitude of 0.25 in (6.35
mm)

0.24 ksi
(1.66 MPa)

1.0

0.25

1.5 ksi (10.3 MPa)

Concrete placed against clean
concrete surface, but not
intentionally roughened

0.075 ksi
(0.52 MPa)

0.6

0.20

0.8 ksi (5.5 MPa)

Concrete anchored to as-rolled
structural steel by headed studs
or reinforcing bars where all
steel in contact with the concrete
is clean and free of paint

0.025 ksi
(0.17 MPa)

0.7

0.20

0.8 ksi (5.5 MPa)

0.30
1.3 ksi (9.0 MPa) for
lightweight concrete

For the horizontal shear along interfaces between interconnected elements in
composite concrete beams, AASHTO (2002) specifies some distinct requirements. A
minimum reinforcement ratio of 50/𝑓𝑦 is defined, however, the spacing of such
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reinforcement should not exceed four times the least web width, neither 24 in (610 mm).
When the contact surface is initially roughened or not roughened but provided with a
minimum reinforcement, the shear transfer strength should not be taken as greater than 36
psi (0.25 MPa). In addition, this code specifies a shear transfer strength of initially
roughened interfaces to an amplitude of 0.25 in. (6.35 mm) and crossed by a minimum
shear friction reinforcement of 160 psi (1.1 MPa). An additional shear strength of
72𝑓𝑦 /40000 (psi) to be added to the permissible shear transfer resistance for each one
percent increase in the reinforcement ratio crossing the interface in excess of the minimum
ratio.

2.6 Summary
Because of their sensitivity in the design, concrete-to-concrete joints, especially, those
between precast girders and cast-in-place slabs, have been justifiably and continuously
studied over time. The details of the previous research carried out by different researchers
prior to the present study have been summarized in this chapter. Various design expressions
and hypotheses describing the behaviour of concrete-to-concrete interfaces subjected to
direct shear stresses were presented. The design requirements in major codes relative to the
shear transfer were emphasized and discussed in detail. The previous research findings can
be summarized as follows:
1. The majority of the design expression provided in the previous research were
derived based on the analysis of the test results of push-off specimens. These
specimens were introduced by Anderson (1960) and Hanson (1960) and
reported to exhibit similar behaviour to the interfaces in composite concrete
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beams.
2. The shear transfer mechanism between different concrete layers was found to
be a complex phenomenon that involves the combination of different subtransfer mechanisms and depends on several parameters, such as the interface
roughness, concrete compressive strength, stresses caused by normal forces at
the interface and the amount of reinforcement crossing the interface. Because
of this complex nature, it is not possible to explicitly separate all the parameters
contributing to the shear transfer behaviour or establish explicit analytical
relationships.
3. In earlier practices of composite construction, the longitudinal shear resistance
of unreinforced interfaces was assumed to be equal to the allowable shear stress
of unreinforced beams (ACI Committee 711, 1953). Therefore, it was suggested
that if an interface was properly roughened, it could provide an adequate shear
strength when combined with shear keys to prevent the horizontal displacement
at the construction joint. However, an extensive research in interface shear
transfer has been done since 1960. The shear friction expression was introduced
by Birkeland and Birkeland (1966) and Mast (1968). It was investigated
extensively, later on, by Mattock and his coworkers through a series of studies
as discussed in this chapter.
4. In the majority of the cited studies the ultimate shear transfer strength was
directly proportioned to the amount of steel reinforcement across the joint and
linear expression were proposed. However, the first non-linear expression was
proposed by Birkeland (1968) followed by Raths (1977) and Shaikh (1978).
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Loov (1978) was the first researcher to include the influence of the concrete
strength 𝑓𝑐′ in his nonlinear expression of the shear transfer strength.
5. There were five millstones that can be distinguished in the development of shear
transfer design: 1) the first publication of the original shear friction theory by
Birkeland and Birkeland (1966); 2) the modified shear friction theory proposed
by Mattock and Hawkins (1972), which included the contribution of the
cohesion and the external clamping stresses; 3) the first parabolic equation for
the shear transfer strength proposed by Birkeland (1968); 4) the explicit
incorporation of the concrete strength in the parabolic equation of Loov (1978);
and 5) the new approach of the shear friction theory, in which the shear transfer
strength was related to the reinforcement stiffness rather than the yield strength
of the steel (Harries et al. 2012).
6. Despite the variety of the shear transfer theories corresponding to different
conditions of the concrete interfaces (i.e., cracked, uncracked, cold-joint), the
shear friction theory was adopted by most researchers and design codes
worldwide. According to most advanced version of this theory, the shear is
transferred along concrete-to-concrete interfaces by three subsequent
mechanisms: 1) Cohesion; 2) friction; and 3) dowel action. The literature review
also identified several design expressions proposed by different researchers
since 1960. The range of the application of these expressions was very wide,
from interfaces in monolithic concrete to composite concrete members with
rough, intermediate or smooth contact surfaces. Some of the previous design
expressions along with their limitations are presented in Table 2.5.
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7. It has to be highlighted that, up to date, concrete-to-concrete interfaces are being
designed, constructed and investigated using, only, steel reinforcement.
Therefore, this research aims to assess an annotative application of the GFRP
as a shear transfer reinforcement.

Table 2.5 Shear transfer models
Research
Anderson
(1960)
Hanson
(1960)

Expression (SI units)
For 20.7 MPa concrete:
𝑣𝑢 = 4.41 + 229𝜌𝑣

Limits/Notes

-

For 51.7 MPa concrete:
𝑣𝑢 = 5.52 + 276𝜌𝑣
For rough bonded interfaces:
𝑣𝑢 = 3.45 + 121𝜌𝑣

-

Birkeland
and
Birkeland
(1966)

𝑣𝑢 = 𝜌𝑣 𝑓𝑦 𝜇

𝜇 = 1.7 for monolithic concrete.
𝜇 = 1.4 for artificially roughened
joints.
𝜇 = 0.8-1 for ordinary
construction joints.
𝜌𝑣 ≤ 1.5%; 𝑣𝑢 ≤ 5.52 MPa
𝑓𝑐′ ≥ 27.6 MPa

Mast (1968)

𝑣𝑢 = 𝜌𝑣 𝑓𝑦 𝜇

𝜇 = 1.4 for rough interfaces.
𝜇 = 0.7 for smooth interfaces.
𝜌𝑣 𝑓𝑦 ≤ 0.15𝑓𝑐′

Birkeland
(1968)

𝑣𝑢 = 2.78√𝜌𝑣 𝑓𝑦

Mattock and
Hawkins
(1972)

𝑣𝑢 = 1.38 + 0.8(𝜌𝑣 𝑓𝑦 + 𝜎𝑛 )

-

𝜌𝑣 𝑓𝑦 + 𝜎𝑛 ≥ 1.38 MPa
𝑣𝑢 ≤ (0.3𝑓𝑐′ and 10.34 MPa)

𝑣𝑢 = 2.76 + 0.8 (𝜌𝑣 𝑓𝑦 + 𝜎𝑛 )
Mattock
(1974)

For inclined to shear plane reinforcement:
𝑣𝑢 = 2.76 𝑠𝑖𝑛2 𝜃 + 𝜌𝑣 𝑓𝑠 (0.8 𝑠𝑖𝑛2 𝜃 − 0.5 𝑠𝑖𝑛 2𝜃)
𝑓𝑠 = 0 for 0 < 𝜃 < 51.3𝑜
𝑓𝑠 = −1.6𝑓𝑦 𝑐𝑜𝑠(𝜃 + 38.7𝑜 ) for 51.3𝑜 ≤ 𝜃 < 90𝑜
𝑓𝑠 = 𝑓𝑦 for 90𝑜 ≤ 𝜃 ≤ 180𝑜
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𝜌𝑣 𝑓𝑦 + 𝜎𝑛 ≥ 1.38 MPa
𝑣𝑢 ≤ (0.3𝑓𝑐′ and 10.34 MPa)

Mattock, Li
and Wang
(1976)

Loov (1978)
Mattock
(1988)

For sanded lightweight concrete:
𝑣𝑢 = 1.72 + 0.8𝜌𝑣 𝑓𝑦
For all lightweight concrete:
𝑣𝑢 = 1.38 + 0.8𝜌𝑣 𝑓𝑦
𝑣𝑢
𝜎
= 𝑘√ ′
′
𝑓𝑐
𝑓𝑐
𝑣𝑢 = 0.467𝑓𝑐′

0.545

𝜌𝑣 𝑓𝑦 ≥ 1.38 MPa
For sanded lightweight concrete:
𝑣𝑢 ≤ (0.2𝑓𝑐′ and 6.90 MPa)
For all lightweight concrete:
𝑣𝑢 ≤ (0.2𝑓𝑐′ and 5.52 MPa)
𝑘 = 0.5 for initially uncracked
interfaces.

+ 0.8(𝜌𝑣 𝑓𝑦 + 𝜎𝑛 )

𝑣𝑢 ≤ 0.3𝑓𝑐′
𝑘 = 0.5 for composite
construction.
𝑘 = 0.6 for monolithic concrete.

Loov and
Patnaik
(1994)

𝑣𝑢 = 𝜆𝑘√(0.1 + 𝜌𝑣 𝑓𝑦 )𝑓𝑐′

𝜆 = 1 for normal weight concrete.
𝜆 = 0.85 for sand-lightweight
concrete.
𝜆 = 0.75 for all lightweight
concrete.
𝑣𝑢 ≤ 0.25𝑓𝑐′

For a crack in monolithic concrete:
√𝜌𝑣 𝑓𝑦 ′ 0.73
𝑣𝑢 =
𝑓
4.536 𝑐
Mattock
(1994)

For rough interface between concrete cast at different
times:
√𝜌𝑣 𝑓𝑦 ′ 0.73
𝑣𝑢 =
𝑓
− 0.02𝑓𝑐′
4.536 𝑐
For a crack in monolithic concrete or a crack between
concretes cast at different times with an intentionally
roughened interface:
𝑣𝑢 = 𝐾1 + 0.8(𝜌𝑣 𝑓𝑦 + 𝜎𝑛 )

Mattock
(2001)

𝐾1 = 0.1𝑓𝑐′ but not more than 5.52 MPa.
𝐾2 = 0.3
𝐾3 = 16.55 MPa
For a crack in monolithic concrete or a crack between
concretes cast at different times with an intentionally
roughened interface:
𝑣𝑢 = 2.25(𝜌𝑣 𝑓𝑦 + 𝜎𝑛 )
𝐾1 = 2.76 MPa
𝐾2 = 0.3
𝐾3 = 16.55 MPa
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𝑣𝑢 ≤ 0.3𝑓𝑐′

𝜌𝑣 𝑓𝑦 + 𝜎𝑛 ≥ 𝐾1 /1.45
𝑣𝑢 ≥ 1.55𝐾1
𝑣𝑢 ≤ (𝐾2 𝑓𝑐′ and 𝐾3 )

𝜌𝑣 𝑓𝑦 + 𝜎𝑛 ≤ 𝐾1 /1.45
𝑣𝑢 ≤ 1.55𝐾1
𝑣𝑢 ≤ (𝐾2 𝑓𝑐′ and 𝐾3 )

For sand-lightweight concrete:
𝐾1 = 1.72 MPa
𝐾2 = 0.2
𝐾3 = 8.27 MPa
For all lightweight concrete:
𝐾1 = 1.38 MPa
𝐾2 = 0.2
𝐾3 = 8.27 MPa
For concrete placed against hardened concrete not
intentionally roughened:
𝑣𝑢 = 0.6𝜆𝜌𝑣 𝑓𝑦
For concrete placed against clean, unpainted, as-rolled
steel using headed studs or reinforcing bars:
𝑣𝑢 = 0.7𝜆𝜌𝑣 𝑓𝑦
Patnaik
(2001)
Khan and
Mitchell
(2002)
Mansur,
Vinayagam
and Tan
(2008)

Harries,
Zeno and
Shahrooz
(2012)

For smooth concrete interfaces:
𝑣𝑢 = 0.6 + 𝜌𝑣 𝑓𝑦

𝑣𝑢 ≤ (0.2𝑓𝑐′ and 5.52 MPa)
𝜆 = 1.00 for normal weight
concrete.
𝜆 = 0.85 for sand-lightweight
concrete.
𝜆 = 0.75 for all lightweight
concrete.
𝜌𝑣 𝑓𝑦 ≥ 0.35 MPa
𝑣𝑢 ≤ (0.2𝑓𝑐′ and 5.52 MPa)

𝑣𝑢 = 0.05𝑓𝑐′ + 1.4𝜌𝑣 𝑓𝑦

0.5

𝜌𝑣 𝑓𝑦
𝑣𝑢
= 0.566 ( ′ )
′
𝑓𝑐
𝑓𝑐

𝑣𝑢 ≤ 0.2𝑓𝑐′

𝑣𝑢
≤ 0.3
𝑓𝑐′

For interfaces in monolithic concrete:
𝑣𝑢 = 0.075𝑓𝑐′ + 0.002𝐸𝑠 𝜌𝑣
For rough cold-joint interfaces:
𝑣𝑢 = 0.040𝑓𝑐′ + 0.002𝐸𝑠 𝜌𝑣
For cracked interfaces:
𝑣𝑢 = 0.002𝐸𝑠 𝜌𝑣
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𝑣𝑢 ≤ 0.2𝑓𝑐′

CHAPTER 3
DETAILS OF THE EXPERIMENTAL PROGRAM
3.1 Introduction
Most of the previous research concerning the shear transfer problem relied on the test
results of push-off specimens. These specimens were first introduced by Anderson (1960)
and Hanson (1960) and they have been used extensively since then. This type of specimen
was shown to be reliable in stimulating similar conditions to actual joints in composite
concrete elements. Accordingly, large scale push-off specimens were adopted in the present
program to evaluate the shear transfer strength and behaviour of cold-joint concrete
interfaces when intersected by GFRP reinforcement. The testing program of the present
research program involved casting and testing twenty push-off test specimens to fully
investigate the behaviour of concrete joints with GFRP utilized as shear transfer
reinforcement. Each specimen consists of two L-shaped concrete blocks cast at different
times to achieve a cold-joint condition at their interface, which better stimulates the actual
condition between precast girders and cast-in-place slabs of composite concrete beams. No
special treatment was applied to the interface surface and was left as-cast. The test
specimens were divided into two series according to their concrete strength. This chapter
outlines the details of the testing program.

3.2 Details of Test Specimens
All of the test specimens were push-off specimens; each with two L-shaped concrete
blocks. In all specimens, one block was cast horizontally first with the appropriate shear
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transfer reinforcement projecting from its top surface. The second part was also cast
horizontally, on top of the first block, after three days to stimulate the condition of cast-inplace slabs provided on top of precast girders.
Large scale push-off test specimens with GFRP reinforcement provided across their
joints were used in the current investigation of the shear transfer of cold-joint concrete
connections. The test specimen consists of two L-shaped concrete blocks as shown Figure
3.1. The shear plane, part of the web of the L-shape, is 250 mm wide and 500 mm long.
The flange of the L-shape is 250 mm wide, 500 mm long and 250 mm thick. The main
purpose of the flange part is to apply a concentric shear load along the shear plane between
the two parts. A 19 mm (0.75 in.) gap was provided between the connected parts in the
direction of the applied load to allow for free slip between these parts. The total length of
the specimen was about 1040 mm. Figure 3.2 shows the typical design and dimensions of
the used push-off specimen.
A total of twenty push-off specimens were cast and tested. The test parameters were
the GFRP stiffness and geometry, and the concrete strength. Three different shapes of the
GFRP reinforcement were provided; (1) stirrup; (2) headed bar; and (3) angle (see Figure
3.3). Also, two different concrete strengths, 30 and 50 MPa were investigated. Accordingly,
the twenty test specimens were divided into two series; Series-I includes specimens with a
concrete compressive strength of 50 MPa and Series-II represents specimens with a
concrete compressive strength of 30 MPa. Some specimens were replicated for the
reliability of data.
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Figure 3.1 Push-off
specimen

Figure 3.2 Design of push-off specimens
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Figure 3.3 Shapes of GFRP reinforcement

The test specimens were designed to have different reinforcement axial stiffness ratios
(𝐸𝜌𝑣 ). Specimens were tested with a GFRP reinforcement ratio varying between 0 to 0.61%.
In addition, Headed bars had a modulus of elasticity 𝐸𝐹 of 60 GPa but stirrups and angles
had a modulus of 50 GPa (according to the supplier). Therefore, the axial stiffness ratio of
the GFRP reinforcement (i.e. stirrups, headed bars and angles) was the main parameter
(𝐸𝐹 𝜌𝑣 ).
Table 3.1 shows the test matrix. In this table, the first character of the specimen’s
designation represents the reinforcement type; S = steel and F = FRP, the second letter
stands for the reinforcement geometry; A = angle, H = headed bar and S = stirrup and the
third character indicates the number of the used reinforcement stirrups, headed bars or

62

angles across the interface. The number after the hyphen indicates the concrete strength of
which the specimen is made of.
Moreover, to investigate the behaviour and capacity of plain, as-cast concrete
interfaces, one specimen of each series was constructed without any reinforcement across
the interface (C0-50 and C0-30). Furthermore, to compare the behaviour of GFRP
reinforced interfaces with steel reinforced ones, more control specimens were constructed,
in which one and two steel stirrups were used across their shear plane (SS1-50 and SS250).
Specimens were loaded as indicated by the arrows in Figure 3.2, so only direct shear
without moment is produced along the shear plane. In conformance with the CSA A23.3
(2004) and ACI 318 (2014), only inclined to the shear plane reinforcement that would be
placed in tension upon the application of the shear load is considered for specimens with
GFRP angles across the shear plane in Table 3.1.
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Table 3.1 Test matrix and specimens designation

Series

I

II

Specimen
ID
C0-50
SS1-50
SS2-50
FS1-50
FS2-50
FS2-50*
FS2-50**
FS3-50
FH2-50
FH3-50
FH3-50*
FH5-50
FA2-50
FA3-50
C0-30
FS2-30
FS3-30
FH3-30
FH5-30
FA3-30

𝒇′𝒄
(MPa)

Reinforcement
type and shape

𝑨𝒗
(mm2)

𝝆𝒗
(%)

𝑬𝝆𝒗
(MPa)

NA

0
200
400
253.4
506.8
506.8
506.8
760.2
253.4
380.1
380.1
633.5
253.4***
380.1***
0
506.8
760.2
380.1
633.5
380.1***

0.00
0.16
0.32
0.20
0.41
0.41
0.41
0.61
0.20
0.30
0.30
0.51
0.20
0.30
0.00
0.41
0.61
0.30
0.51
0.30

0
320
640
101
203
203
203
304
122
182
182
304
101
152
0
203
304
182
304
152

Steel Stirrup

GFRP stirrup
50

GFRP headed bar

GFRP angle
NA
GFRP stirrup
30
GFRP headed bar
GFRP angle

* refers to 1st repeated specimen for reliability of data
** refers to 2nd repeated specimen for reliability of data.
*** represents the area of the inclined tensile reinforcement

3.3 Fabrication of Test Specimens
All test specimens were fabricated in the structural lab at the University of Windsor
using a custom formwork to enable the fabrication of the cold-joint along the shear
interface. The formwork was deigned such that four specimens were cast at the same time.
This formwork consisted of plywood sheets that were used to obtain the required shape of
the push-off specimen. The plywood sheets were supported by 4x2 in. wood studs. The
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detail of the form work is shown in Figure 3.4(a).
In order to achieve the cold-joint condition, each specimen was cast in two stages. One
half of the specimen was cast first, in which the web of the L-shaped block was laying
horizontally. Longitudinal and transverse steel bars and stirrups were used to reinforce both
of the web and the flange of the L-shape to prevent any flexural cracks during testing. The
steel reinforcement was tied together and the resulted steel cages were placed in the
formwork with the proper covers. The shear transfer reinforcement was then secured in
place as shown in Figure 3.4(b).
The concrete was poured and vibrated well. The top surface was also vibrated so a
natural compacted rough interface was achieved [Figure 3.4(c)]. The first parts of the
specimens were left in the form work and covered with a wet burlap and a plastic sheet
wrapped over the burlap as can be seen in Figure 3.4(d). Figure 3.4(e) shows a typical
roughness achieved for the as-cast surface in this study.
After three days of moist curing, the burlap cover was removed. The top surface of the
first casted parts was cleaned from any impurities and loose concrete particles, dust,
laitance, etc. The steel reinforcement cages, for the second part of each specimen, were
then installed with the appropriate cover reinforcement chairs. Also, white polystyrene
rigid foam sheets were provided, as shown in Figure 3.4(f), to create a gap between the
interconnected blocks at their flanges to allow for a free slip when the shear load is applied.
These sheets were removed prior to testing. The white foam sheets were 19 mm thick
(0.75in.).
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The second half of each specimen was cast in the fourth day after casting the first one
using the same concrete admixture used for the first part. The concrete was poured on a dry
and clean surface of the interface and was well compacted. The top surface of the second
part was troweled smooth. Figure 3.4(g) shows the full four specimens, in the form work,
after casting.
After three days, the formwork and the plywood sheets between the specimens were
removed as shown in Figure 3.4(h). Afterward, specimens were moist cured under the wet
burlap and the plastic sheet, along with the corresponding cylinders, until the desired
concrete strength was reached, which was usually at seven days from the casting of the
second parts.
Each specimen was also painted with a white paint in order to monitor the development
and progress of any cracks that might develop during the test. Figure 3.5 illustrates the
shape of the resulting ready-to-test push-off specimen, after removing the foam sheets
between the concrete blocks.
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(a)

(b)
Figure 3.4 Fabrication of push-off test specimens
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(c)

(d)

Figure 3.4 Fabrication of push-off test specimens (continued)
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(e)

(f)
Figure 3.4 Fabrication of push-off test specimens (continued)
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Figure 3.4 Fabrication of push-off test specimens (continued)
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Figure 3.5 Final product of the constituted push-off specimen
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3.4 Materials Properties
3.4.1 Concrete
Two different normal weight concretes, 30 and 50 MPa were used. The concrete was
mixed in the casting bay of the structural lab using general use (GU) Portland cement. The
fine aggregate was washed local river sand and the coarse aggregate was well graded
crushed stones with a maximum size of 14 mm. All of these materials were locally supplied.
The mix proportions for one cubic meter for two different concrete strengths (30 and 50
MPa) was as shown in Table 3.2. At least twelve 102 x 203 mm (4 x8 in) and three 152 x
305 mm (6 x 12 in) cylinders were prepared for each concrete patch. The cylinders were
cured under similar conditions of those of the corresponding test specimens. The average
compressive strengths of the cylinders tested on the same day that the corresponding
specimens were tested on, were 30.5 and 49.7 MPa for the first and second admixtures, in
Table 3.2, respectively. The compressive strength 𝑓𝑐′ and the splitting tensile strength 𝑓𝑟
of the concrete were evaluated in accordance to ASTM C39 (2015) and ASTM C496 (2011),
respectively.

Table 3.2 Mix proportions per one cubic meter of concrete
Target strength (MPa)

30

50

Cement, kg

380

641

Fine aggregate, kg

788

559

Coarse aggregate, kg

1002

1012

Water, kg

168

177
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3.4.2 Steel Reinforcement
Steel shear transfer reinforcement, in form of stirrups, was used in two control
specimens of the first series (SS1-50 and SS2-50). This reinforcement consisted of stirrups
made of No. 10M metric bars conforming to CSA G30.18 (2009), Grade 400. This steel
reinforcement (10M bars) in addition to steel stirrups made of 8 mm imperial bars were
used in each specimen away from the shear plane to strengthen the specimen and avoid any
local failures except that along the shear plane. The average young modulus of the used
steel was about 200 GPa and the yield strength was 400 MPa.

3.4.3 GFRP Reinforcement
Three different configurations of the GFRP reinforcement intersecting the shear planes
were used as was presented in Figure 3.3. All of the GFRP reinforcement was supplied by
Pultrall Inc. V-ROD stirrups, headed bars and bent bars (angles) were sand coated for the
bond purpose and was made of continuous longitudinal fibers. The mechanical and
physical properties of the GFRP reinforcement are summarized in Table 3.3 according to
the supplier information. 2 grades of V-ROD GFRP products were available and were used;
(1) Grade-II GFRP with a medium modulus of elasticity of 50 GPa; and (2) Grade-III GFRP
with a high modulus of elasticity of 60 GPa. GFRP stirrups and angles were made of GradeII, No.4-12M bars with a nominal cross sectional area of 126.7 mm2. However, headed bars
were No.4-12M bars size made of Grade-III.
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Table 3.3 Properties of GFRP reinforcement
Tensile
modulus
EF
(GPa)

Average
ultimate
tensile
strain,
𝜺𝑭𝒖 (%)

Poisson's
ratio

GFRP
Reinforcement

Nominal
cross-sectional
area (mm2)

Ultimate
tensile
strength, 𝒇𝑭𝒖
(MPa)

Stirrup

126.7

1140

50

2.17

0.26

Angle

126.7

1140

50

2.17

0.26

Headed bar

126.7

1312

60

2.00

0.26

3.5 Instrumentations
In addition to the load cell used to monitor the applied shear load, three main types of
measurements were used during testing.

3.5.1 Measurement of Slip
The relative slip between the two parts of the push-off specimen along the shear plane
was closely monitored for every specimen. A linear variable differential transducer (LVDT)
was provided on each side of the push-off specimen. Figure 3.6(a) shows the used LVDT.
The first end of the LVDT was attached to one part of the specimen and the other
permissible end was resting on an aluminum bracket fixed to the other part of the specimen
as can be seen in Figure 3.6(b). The two LVDTs were connected to the data acquisition
system to record the measured slips.

3.5.2 Measurement of the Lateral Dilation
The lateral strain across the shear plane (separation) was measured using PI-gauges.
The configuration of the used PI-gauge is shown in Figure 3.7(a). Two PI-gauges were used
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for each specimen, one attached to each side of the specimen across the shear plane. The
PI-gauges were mounted to the specimen’s surface perpendicular to the interface as shown
in Figure 3.7(b) and were connected to the data acquisition system.

(a)

(b)

Figure 3.6 Relative slip measurement

(a)

(b)

Figure 3.7 Lateral separation measurement using PI-gauges
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3.5.3 Measurement of the Reinforcement Strain
In order to evaluate the stress of the shear transfer reinforcement across the shear
planes of the test specimens, electronical foil strain gauges were bonded to the
reinforcement at the critical location, which is at the level of the interface between the
interconnected blocks of the push-off specimen.
The sand coating of the GFRP reinforcement was removed using an air-pressure
grinder provided with a sand paper disk (Figure 3.8). The grinding process was done
cautiously so that only the coating was removed and not any material from the reinforcing
bar. The grinded area was then cleaned with a cloth using ethanol. After the area dried out,
it was swabbed with a cloth using a water-based acidic surface cleaner. As a last step of the
preparation of the grinded area, it was also cleaned with a water based alkaline surface
cleaner (neutralizer). Afterward, the strain gauge was glued to the prepared area using quick
setting glue. An appropriate cover of epoxy was applied on top of each strain gauge to
provide an extra protection during casting, especially, when vibrating the concrete. The
strain gauges were connected to the data acquisition system to continuously record the
strains throughout the loading of the specimen. Figure 3.8 shows the prepared area and a
strain gauge fixed on a reinforcement bar at this area. Strain gauges were used for all shear
transfer reinforcements including steel reinforcement in the control specimens, as
illustrated in Figure 3.9.
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Figure 3.8 Measurement of the reinforcement strain

Figure 3.9 Shear transfer reinforcement with strain gauges bonded at the critical section

77

3.6 Test Setup and Procedure
After curing, the specimens were painted with a white paint as was shown in Figure
3.5, for an easier observation of any cracks that might develop during testing. Afterward,
each specimen was put in its vertical position, on a lower stiff steel support, under the
hydraulic jack of the testing frame. The specimen was loaded with a monotonic load
concentric to the shear plane. A schematic drawing of the test setup and the provided
instrumentations is shown in Figure 3.10. With this loading condition, only direct shear
was induced onto the shear plane without a bending moment. The specimens were
subjected to a monolithic loading at an average rate of 20 kN per minute up to failure. The
failure was considered to occur when the slip increased rapidly with a sudden drop of the
load.
Figure 3.11 shows photographs of the test setup. Readings of the relative slip measured
by the LVDTs of the two blocks of the push-off specimen, lateral separation of the specimen
at its interface measured by the PI-gauges, and the strain of the shear transfer reinforcement
at the level of the interface measured by the strain gauges, were recorded through the data
acquisition system at each loading increment. The loading was halted intermittently to
mark any cracks. Each test specimen was closely observed for qualitative behaviour during
the entire test. The concrete cylinders were tested on the same day of that of their reference
specimen.
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Figure 3.10 Schematic drawing of test instrumentations and setup

Figure 3.11 Test setup
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CHAPTER 4
EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Introduction
The results of the push-off tests are discussed in this section. A parametric analysis
on the test results is presented according to the variable parameter, whether it is the
reinforcement stiffness parameter, 𝐸𝐹 𝜌𝑣 , the concrete strength, 𝑓𝑐′ or the reinforcement
geometry. Therefore, in each discussion, test specimens are divided into groups so that only
one parameter varies among each group. The comparison is carried over within each group,
relative to the concerned parameter. The analysis and the discussion of the test results are
presented in terms of the relationships between the measured shear loads carried by the
specimens and other measurements, which are, the slip, the reinforcement strain and the
lateral dilation of the shear plane. The general behaviour and the shear transfer mechanism
associated with GFRP shear transfer reinforcement is also addressed in detail.

4.2 General Behavior
The load-slip behavior of the interfaces of the push-off specimens conducted in this
study, indicates that the shear transfer mechanism associated with GFRP reinforcement can
be divided into three successive phases as shown in Figure 4.1.
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Phase-I: Pre-Cracked Behavior
The behavior at loading levels below the cracking load of the interface, which
represents the shear resistance capacity of the concrete interface alone, is very similar for
all test specimens. It’s characterized by a negligible interface dilatation and reinforcement
strain at the interface level. This phase involves two stages of shear resistance. In the first
stage, the applied shear load is resisted by the concrete shear associated with the strength
of the bond between the two surfaces of the connected concrete blocks that form the
interface of the push-off specimen. This stage starts at the commencement of the loading
and ends at the deponding point, identified as Point-1 in Figure 4.1. At this point the
chemical adhesion between the concrete particles of the two faces of the interface (bond)
is destroyed.
By increasing the load, the curve starts to indicate softening behavior, after the bond
was destroyed, and continues with its slightly reduced stiffness in the second stage of
Phase-I. In this stage the shear load is believed to be carried by the interlocking mechanism
between the local asperities and protrusions formed by the coarse aggregate and the cement
matrix on both faces of the interface plane. Cracking of the shear plane is initiated at the
end of Stage-2 at point-2 in Figure 4.1. The cracking is caused due to crushing of these
asperities against each other. Up to this point, the relative displacement along the shear
plane, the interface dilation and the reinforcement strain are still very small. The slope of
the load-slip curve in both stages of Phase-I were shown to be dependent on the concrete
strength when a sufficient GFRP reinforcement is provided across the shear plane. The
81

higher the concrete strength is, the stiffer precracked deformation response will be. The
cracking stress of the tested cold-joint interfaces of the specimens of the present research
was found to be in the range of 2 to 2.7 MPa, which is consistent with the previous findings
in the literature (Hanson 1960; CTA bulletin, 1976; Loov and Patnaik 1994; Harries et al.
2012). This value of the cracking stress was shown to be largely unaffected by the
reinforcement crossing the interface. The strain and, therefore, the stress, in the
reinforcement at the cracking load is negligible and was varying from 22 to 400 𝜇𝜀, in the
GFRP reinforcement. This indicates no practical role of this reinforcement up to this point.
Previous studies have also shown that the precracked behaviour is independent of the steel
reinforcement (Mattock and Hawkins, 1972; Walraven et al. 1987; Mattock 1988; Harries
et al. 2012 and others).

Phase-II: Post-Cracked Behaviour
As it can be seen in Figure 4.1, the post-cracked behaviour of the interfaces from the
cracking load to the ultimate load 𝑉𝑢 is characterized by softening behaviour, larger and
visible cracks widths, higher slips and reinforcement strains than those in the pre-cracked
phase (Phase-I). In Phase-II, the reinforcement across the shear plane (when adequately
provided) is engaged in the shear resisting mechanism. The resistance to shear of the
cracked interface is attributed to the friction that originates from the general roughness and
unevenness of both faces of the interface plane and the clamping stresses exerted along
these faces by the virtue of the reinforcement crossing that interface. Owing to the general
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roughness and irregularities of the interface surface, the slip along the interface is
accompanied by widening of the crack along that interface. As a result, the reinforcement
crossing the cracked shear plane gets stressed in tension, which in turn provides a clamping
stress along the faces of the cracked interface. The shear load is then carried by the
resistance provided by the friction between the sliding faces up to the ultimate load at Point3 (Figure 4.1). The shear displacement values at the ultimate load, 𝑉𝑣 of the sufficiently
GFRP reinforced interfaces were in the range of 0.37 to 0.94 mm. Comparable slips were
reported for the steel reinforced interfaces at their ultimate loads (Hofbeck et al. 1969,
Mattock 1974; Valluvan et al. 1999; Harries et al. 2012). The average interface strain of the
GFRP reinforcement varied from 3000 to 5000 𝜇𝜀 when adequate reinforcement was
provided. However, 98 to 100% of the ultimate load was maintained up to the point
corresponding to a reinforcement strain of 5000 𝜇𝜀, whenever the ultimate occurred at
reinforcement strain less than 5000 𝜇𝜀. It is important to note here, that not all specimens
exhibited a behaviour with Phase-II. Only appropriately reinforced interfaces with a
reinforcement content equals to or greater than the suggested in section 4.3.1, of this chapter,
exhibited a shear frictional resistance post to cracking, while other specimens failed at the
cracking point (Point-2) or very soon after cracking. The reinforcement did not play a major
role in the latter case with respect to the ultimate shear resistance. The shear friction
resistance in this phase is dependent on the reinforcement stiffness and the general
roughness of the interface surface, which is independent of the concrete strength. This
conforms with the findings of other researchers such as Mattock (1988) and Mau and Hsu
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(1988) and Mansur et al. (2008).

Phase-III: Post-Ultimate Behaviour
The behaviour after reaching the ultimate load is characterized by an increase of the
deformations, lateral separations and reinforcement strain without any additional resistance.
At the ultimate load (Point-3 in Figure 4.1) the crack width of the cracked interface becomes
sufficiently large to prevent the firm contact between the crack faces, which is necessary to
ensure a considerable frictional resistance. Any attempt to increase the applied load beyond
this point would lead to larger deformations in the reinforcing bars, further widening the
interface crack width and causing significant reduction in the friction between the
interconnected members. Thus, the shear transfer resistance decreases while the slip
increases rapidly up to Point-4 as specified in Figure 4.1.
For interfaces provided with GFRP stirrups and headed bars, the slip at Point-4
becomes large enough to engage the dowel action of the reinforcement intersecting the
interface. The post failure dowel action resistance initiated at point-4 was almost
maintained up to the total failure of the interface for specimens with GFRP stirrups.
However, Specimens with headed bars showed an outstanding post-failure resistance
ranged from 91 to 130% of the ultimate load at high slips (see Table 4.1). This behaviour
is believed to be attributed to the better bond characteristics of the GFRP headed bars than
those of GFRP stirrups. The dowel action associated with GFRP reinforcement was
engaged at a slip value in the range of 1 to 2 mm with an average of 1.4 mm. This is
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relatively less than the slip associated with dowel action of the steel reinforcement, which
was reported to be in the range of 2.5 to 3 mm (Hofbeck et al. 1969; Paulay et al. 1974;
Walraven and Reinhardt 1981). This slip associated with a significant contribution of the
dowel action is an excess of what can be considered acceptable within the limits of the
structural usefulness requirements and, therefore, cannot be considered in the evaluation of
the ultimate shear transfer strength (Paulay et al. 1974).

Figure 4.1 Generalized load-slip response of sufficiently
GFRP reinforced cold-jointed interfaces
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4.3 Analysis of Test Results
A summary of the test results of the push-off specimens of the current study is reported
in Table 4.1, which will be referred to frequently in the subsequent sections. The measured
ultimate shear transfer capacity and the accompanied slip, reinforcement strain and the
lateral dilatation across the shear plane are presented in this table. The percentage of the
measured capacity of each specimen relative to the measured one of the reference
unreinforced specimen of the same concrete strength is also reported. The maximum postfailure residual shear resistance, for applicable specimens, is included and also described
as a percentage of the ultimate load. The residual strengths are only mentioned for
specimens that showed a significant load-carrying behaviour in the post-failure loading
stage.
Specimen FA2-50 had an earlier premature split failure, which prevented it from
developing its full capacity. The measured strength of the later specimen was less than the
unreinforced specimen with the similar concrete strength, C0-50. Therefore, it will be
excluded in the subsequent discussions of the test results. The failure mode of this specimen
will be discussed later in detail.
Each group of replicated specimens (see Table 3.1) showed consistent and similar
behaviour. Accordingly, the average values of the measured strength and other
measurements are described for each group of the identical specimens, in the following
tables of the test data. However, the results of individual specimens of these groups will be
reported within the discussions in the following sections whenever it is necessary.
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Table 4.1 Summary of test results
At ultimate
Specimen
ID

C0-50
SS1-50
SS2-50
FS1-50
FS2-50(avg)
FS3-50
FH2-50
FH3-50(avg)
FH5-50
FA2-50
FA3-50
C0-30
FS2-30
FS3-30
FH3-30
FH5-30
FA3-30

𝒇′𝒄

(MPa)

50

30

𝑬𝝆𝒗
(N/mm2)

0
320
640
101
203
304
122
182
304
101
152
0
203
304
182
304
152

Vu
(kN)

Strength
increase
over C0
(%)

Slip
(mm)

Lateral
dilation
(mm)

Reinforcement
microstrain

296
334
477
334
402
617
336
323
569
255
540
332
385
384
362
433
342

0
13
61
13
36
109
14
9
92
82
0
16
16
9
30
3

0.66
0.14
0.85
0.34
0.48
0.37
0.31
0.28
0.77
0.15
0.66
0.34
0.58
0.64
0.44
0.94
0.24

0.021
NA
0.211
0.030
0.238
0.014
0.028
0.159
0.301
NA
0.422
0.034
0.288
0.229
0.162
0.304
0.023

NA
NA
1904
22
3881
402
389
2260
2953
NA
4525
NA
4466
4847
1472
4973
100

.
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Residual
shear
capacity,
Vr
(kN)

Residual
as a
percentage
of Vu (%)

127
345
606
218
324
571
350
367
328
565
-

38
86
98
65
100
100
91
96
91
130
-

4.3.1 Effect of the Reinforcement Stiffness (𝑬𝑭 𝝆𝒗 )
As mentioned in the chapter 2, the ultimate limit state of an interface shear failure
specified by the yielding of the steel reinforcement across that interface was questioned by
Harries et al. (2012). In the latter study, it was shown that this assumption is not always
true, especially, when high grade (high strength) steel is used. Therefore, the ultimate shear
transfer strength 𝑣𝑢 was considered as a function of the stiffness parameter of the
reinforcement 𝐸𝑠 𝜌𝑣 , rather than the yield strength of that reinforcement. This appears to
be more rational, since the clamping stress maintained by the reinforcement is, in fact, due
to the stiffness of this reinforcement at any loading stage. This connotation can be best
utilized for GFRP shear transfer reinforcement, since this reinforcement does not yield and
remains perfectly elastic up to failure.
The stiffness parameter considered in this analysis is that in the direction perpendicular
to the shear plane of the reinforcement, crossing the shear plane, that would be placed in
tension under the application of the shear load (𝐸𝐹 𝜌𝑣 sin 𝛼𝑓 ). Such reinforcement would
maintain the clamping stresses along the shear plane. The parameter, 𝛼𝑓 , is the angle of
inclination of the reinforcement relative to interface plane. This is particularly important in
the case of GFRP angles, for which the legs have an angle of 45 degrees relative to the
shear plane. For specimens with headed bars and stirrups, which are placed normally to the
shear plane (𝛼𝑓 = 90𝑜 ), the reinforcement axial stiffness is in the perpendicular direction
to the shear plane.
To study the influence of the stiffness of the GFRP reinforcement on the shear transfer
strength, the specimens were grouped so that the specimens of each group share the same
reinforcement geometry (i.e. stirrup, headed bar, or angle) and the same concrete
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compressive strength 𝑓𝑐′ . This allows to clearly and exclusively examine the influence of
the reinforcement stiffness on the shear transfer strength. Unreinforced specimens C0-50
and C0-30 are also provided along with the corresponding specimens made of the same
concrete strength to allow for comparison. Table 4.2 shows the test results and the
specimens sorted in groups for the purpose of the proceeding discussion regarding the
reinforcement stiffness.
Figure 4.2 shows the load-slip behaviour of the specimens of Group-I (SS1-50 and
SS2-50). The unreinforced specimen of the same concrete strength C0-50 is also
incorporated in that figure. It can be seen from Figure 4.2 and the data in Table 4.2 that
specimen SS1-50 which had a reinforcement stiffness of 320 N/mm2 failed just after
cracking at an ultimate load 13% higher than that of unreinforced specimen C0-50.
However, the specimen with two steel stirrups SS2-50 developed an additional shear
resistance after cracking of the shear plane by the mean of friction. Specimen SS2-50 had
an ultimate strength 61% higher than that of C0-50. The reinforcement ratio of SS1-50 of
0.16% is close to the minimum ratio of 0.15% suggested by mattock and Kaar (1961). It
appears that at this ratio, the stiffness of the reinforcement is not sufficient to resist the
progressive separation of the interface faces and, hence, failed to engage the reinforcement
in the shear transfer resistance after cracking of the shear plane, therefore, no additional
shear frictional resistance was delivered. Whereas, specimens SS2-50 developed extra
shear frictional resistance after cracking owing to the adequate clamping stresses provided
by the reinforcement. Similar observation was also noted by Mansur et al. (2008) for pushoff specimens with low steel reinforcement content. In both specimens SS1-50 and SS2-50
the failure was relatively brittle where the load dropped and the slip increased dramatically.
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Table 4.2 Summary of test results (for the discussion of 𝐸𝐹 𝜌𝑣 )
At ultimate
Group

I
II

III
IV
V
VI

Specimen
ID

C0-50
SS1-50
SS2-50
FS1-50
FS2-50(avg)
FS3-50
FH2-50
FH3-50(avg)
FH5-50
FA3-50
C0-30
FS2-30
FS3-30
FH3-30
FH5-30

𝑬𝝆𝒗 𝒔𝒊𝒏𝜶𝒇
𝒇′𝒄
(MPa) (N/mm2)

50

30

0
320
640
101
203
304
122
182
304
108
0
203
304
182
304

Vu
(kN)

Strength
increase
over C0 (%)

296
334
477
334
402
617
336
323
569
540
332
385
384
362
433

13
61
13
36
109
14
9
92
82
16
16
9
30

Lateral
Slip dilation Reinforcement
(mm) (mm)
microstrain
0.66
0.14
0.85
0.34
0.48
0.37
0.31
0.28
0.77
0.66
0.34
0.58
0.64
0.44
0.94
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0.021
NA
0.211
0.030
0.238
0.014
0.028
0.159
0.301
0.422
0.034
0.288
0.229
0.162
0.304

NA
NA
1904
22
3881
402
389
2260
2953
4525
NA
4466
4847
1472
4973

Residual
shear
capacity,
Vr
(kN)

Residual as a
percentage of
Vu (%)

127
345
606
218
324
571
350
367
328
565

38
86
98
65
100
100
91
96
91
130

The dowel action of the steel bars across a concrete interface was shown to deliver a
considerable shear resistance only at higher slips in the range of 2.5 to 3 mm (Hanson 1960;
Hofbeck et al. 1969; Paulay et al. 1974; Walraven and Reinhardt 1981). This situation can
be also noted from Figure 4.2 where a post failure resistance of specimen SS1-50 was
developed at a slip of 3 mm.
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Figure 4.2 Load-slip curves of specimens of GroupI
The load-reinforcement strain curve of the specimen SS2-50 of Group-I is illustrated
in Figure 4.3. It can be seen that the reinforcement was not really stressed until the crack
was initiated along the shear plane at which the strain was around 237 𝜇𝜀. Subsequently,
the strain increased with the augmented load up to an approximately the yield strain
(1904 𝜇𝜀) at the ultimate load. This is similar to the behavior noted by Loov and Patnaik
(1994) in their study of the interfaces of composite concrete beams.
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Figure 4.3 Load-reinforcement strain curve of specimen SS2-50

The load-slip relationships of specimens with GFRP stirrups across their interfaces and
a concrete strength of 50 MPa, classified as Group-II in Table 4.2 are shown in Figure 4.4.
FS2-50 and its second replicated specimen showed a consistent load-deformation response
as shown in Figure 4.4. It can be seen from this figure that the specimen with one GFRP
stirrup, FS1-50, failed in the similar manner to SS1-50. This specimen also developed only
13% extra strength over that of C0-50 and failed at cracking of the shear plane with no
additional shear frictional resistance was provided. The load dropped and the slip increased
rapidly after failure. However, specimens with two GFRP stirrups, with a reinforcement
stiffness 𝐸𝐹 𝜌𝑣 equals to 203 N/mm2, developed an additional frictional shear resistance
after cracking of the interface in the similar fashion to SS2-50. This specimen developed
an average strength 36% higher than the strength of C0-50.
Although SS2-50 and FS2-50 both delivered a frictional shear resistance, FS2-50
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showed a remarkable ductility over specimen with two steel stirrups (see Figures 4.2 and
4.4). Specimens with two GFRP stirrups showed a maximum average residual strength of
86% of the ultimate load. Specimen FS3-50, also shown in Figure 4.4, has a strength 109%
higher than C0-50. During the testing of this specimen, the load reached a high level near
the capacity of the testing frame (600 kN) so the test had to be stopped, however, the
specimen showed cracks along the shear plane but did not totally fail. Comparing the
general load-slip patterns of specimens with two and three GFRP stirrups indicates a similar
behaviour. The data in Table 4.2 shows that increasing the reinforcement stiffness by 50%,
from 203 N/mm2 for FS2-50 to 304 N/mm2 for FS3-50, increased the shear transfer strength
by about 53%. These observations indicate a major role of the GFRP reinforcement
stiffness in the shear transfer strength of a concrete interface when it is sufficiently provided
across that interface.
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Figure 4.4 Load-slip curves of specimens of Group-II
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Figure 4.5 presents the load-reinforcement strain behaviour of Group-II specimens.
The reinforcement strain at the ultimate load in the specimen with low reinforcement
content, FS1-50, which failed at cracking, was about 22 𝜇𝜀 indicating no practical
contribution of the reinforcement, at this stiffness, into the shear transfer strength. However,
the average strain of the stirrups of the specimen with two GFRP stirrups, which developed
an additional post cracking resistance, increased after cracking with the increasing load and
reached about 4000 𝜇𝜀 at the ultimate load. Specimens with two GFRP stirrups sustained
a significant load after the failure and it was about 98.5% of the ultimate load at a
reinforcement strain of 5000 𝜇𝜀.

From the above discussion, it is evident that similar to the case of steel reinforcement,
there is a minimum requirement of the stiffness of GFRP shear transfer reinforcement that
has to be met in order to activate the reinforcement in the shear transfer resisting
mechanism. Meaning, the shear friction theory can only be utilized and additional shear
frictional shear resistance can be delivered if a sufficient GFRP reinforcement is provided
across a concrete plane. This limit, based on the proceeding analysis, appears to correspond
to a reinforcement ratio of 0.405% of GFRP stirrups which is equivalent to a stiffness
parameter 𝐸𝐹 𝜌𝑣 equals to 203 N/mm2.
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Figure 4.5 Load-reinforcement strain curves of specimens of Group-II

The third group of specimens in this analysis, is the group of specimens with headed
bars made of a concrete strength of 50 MPa (see Table 4.2). Figure 4.6 shows the load-slip
response of Group-III specimens. Figure 4.6 indicates that specimens with two headed bars
and three headed bars failed at the cracking of the interface and developed strengths only
14% and 9% higher than the unreinforced specimen of the same concrete strength,
respectively. This is similar to the behavior of the low reinforced specimens of Groups I
and II (i.e. SS1-50 and FS1-50). All of these specimens have a GFRP reinforcement
stiffness less than the minimum recommended in the previous paragraph of 203 N/mm2.
However, specimen with five headed bars having a stiffness parameter of 304 N/mm2
showed an additional resistance to the shear load after cracking of the interface as it can be
revealed from Figure 4.6. Specimen FH5-50 developed a strength of about 92% higher than
what the corresponding unreinforced specimen C0-50 did. This behaviour is similar to the
appropriately reinforced specimens from the earlier discussed groups (i.e. SS2-50, FS2-50
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and FS3-50). Again, this performance is attributed to the sufficient clamping stresses
provided by the reinforcement after cracking, which in return resists the lateral separation
of the interface faces, and hence, higher load and larger slip became necessary to override
the roughness and asperities of the interface surface. When the reinforcement stiffness
𝐸𝐹 𝜌𝑣 was raised from 182 N/mm2 for three headed bars to 304 N/mm2 for five headed bars
(i.e. 67% increase), the ultimate strength was increased by 76% (see Table 4.2).
It is also important to mention that specimens with headed bars performed very well
as at post failure they continued to show load-carrying capacity that is more significant that
what was reported for GFRP stirrups. A post failure resistance in the range of 93% to 107%
of the ultimate load was shown at higher slips (see Figure 4.6). This behaviour is believed
to be attributed to the better bond characteristics associated with headed bars. Similar
situation was reported in the literature for two different steels with different bond
characteristics (Zeno, 2009; Harries et al. 2012).
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Figure 4.6 Load-slip curves of specimens of Group-III
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Observations, from the load-reinforcement strain curves of the specimens of GroupIII shown in Figure 4.7, similar to those noted earlier for specimens with GFRP stirrups
can be taken. The ultimate load of FH2-50 and FH3-50 occurred immediately after cracking.
In fact, as seen in Table 4.2, the strain of the reinforcement in specimen FH2-50 was as low
as 389 𝜇𝜀. However, the reinforcement strain increased after cracking of the interface of
FH5-50 with the increasing load and reached a value close to 3000 𝜇𝜀 at the ultimate load.
Figure 4.8 shows a close-up look into the load-strain behaviour of the headed bars
specimens up to 5000 microstrain. It indicates that the load at 5000 𝜇𝜀 of specimen FH550 was about 99% of its ultimate load.
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Figure 4.7 Load-reinforcement strain curves of specimens of Group-III
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Figure 4.8 Load-reinforcement strain curves of specimens of Group-III (up to 5000 𝜇𝜀)

Group-IV includes the specimen with three GFRP angles across its interface plane
made of concrete with strength of 50 MPa as presented in Table 4.2. Figure 4.9 displays
the load-slip behaviour of this specimen. According to concrete design codes such as, CSA
A23.3 (2004) and ACI 318 (2014), only reinforcement inclined to the shear plane that
would be placed in tension during the shear loading is to be considered in the evaluation of
the shear transfer strength. If this condition is applied to specimen FA3-50 only three tensile
legs should be considered. According to this assumption, the stiffness of only the three legs
perpendicular to the shear plane, 𝐸𝜌𝑣 sin 𝛼𝑓 (𝛼𝑓 = 45𝑜 ) is shown in Table 4.2 as of 108
N/mm2, which is a little higher than that of one GFRP stirrup (101 N/mm2) in specimen
FS1-50. Giving this relatively low stiffness, the ultimate strength of FA3-50 was 62%
higher than that of FS1-50 and 82% higher than the strength of C0-50. This indicates the
important parameters additional to the stiffness of the tensile reinforcement, such as the
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dowel action and the interlocking mechanism provided by the compressed legs in the
opposite side of the shear plane. The strain in the tensile legs of the GFRP angles of the
specimen FA3-50 at the interface level was 4525 𝜇𝜀 as seen in Table 4.2 and Figure 4.10.
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Figure 4.9 Load-slip curves of specimens of Group-IV
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Figure 4.10 Load-reinforcement strain curve of specimen FA3-50
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The load-slip curves of specimens of Group-V and VI, with 30 MPa concrete strength,
are shown in Figures 4.11 and 4.13, respectively. In both figures the deformation response
of the unreinforced specimen made of the same concrete strength is included. As it can be
noticed from Figure 4.11 and Table 4.2, specimens FS2-30 and FS3-30 had a similar
measured capacity. By carefully examining Figure 4.11, it appears that the crack was
initiated at earlier loading stage in specimen FS3-30 than it was in FS2-30. This is
reasonable since higher reinforcement content decreases the net concrete interface area
which in return would reduce the cracking load, which is mainly attributed to the concrete
interface. This observation can be better visualized from the load-reinforcement strain
curves of FS2-30 and FS3-30 in Figure 4.12. From this figure, it can be noted that the
reinforcement in FS3-30 was engaged in the shear load carrying mechanism at a lower
level than it was in FS2-30. However, both of these specimens, FS2-30 and FS3-30
developed additional shear resistance and reached their ultimate load at a reinforcement
strain equals to 4466 and 4847 𝜇𝜀. Both of FS2-30 and FS3-30 developed a strength higher
than the strength of C0-30 by 16%.
Similar observation is also noted from the load-reinforcement strain curves in Figure
4.14 of the specimens of group VI, with headed bars with a concrete strength of 30 MPa.
The reinforcement in the specimen FH5-30 catches the load at an earlier stage than the
reinforcement in FH3-30. The under-reinforced specimens FH3-30 failed soon after the
cracking point (Figure 4.13), at which the reinforcement strain was 1472 𝜇𝜀. However,
FH5-30 developed extra strength after the interface cracking and the ultimate load was
attained at a reinforcement strain of 4973 𝜇𝜀 (see Figure 4.14). FH3-30 and FH5-30
showed a load capacity of 9% and 30.4% higher than C0-30, respectively.
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When the reinforcement stiffness was increased by 67%, from 182 N/mm2 for FH3 to
304 N/mm2 in FH5, it resulted in an increase in the load by about 79% when the concrete
strength was 50 MPa. Yet, the same increase in the stiffness lead to a 20% increase in the
capacity when the concrete strength was 30 MPa (see Figure 4.6 and 4.13).
In conclusion,
1. In order to achieve a higher strength that exceeds the capacity of an
unreinforced concrete interface, a sufficient amount of GFRP reinforcement
must be provided across such an interface. The minimum GFRP
reinforcement content was shown, in the proceeding discussion, to
correspond to a reinforcement having a stiffness parameter 𝐸𝐹 𝜌𝑣 𝑠𝑖𝑛𝛼𝑓
equals to 203 N/mm2. When, at least, this amount of GFRP reinforcement
is provided, the reinforcement will be engaged in the shear transfer process
after the cracking along the shear plane takes place, and additional frictional
shear resistance will be developed.
2. The strain in the reinforcement, when it is properly provided, at the ultimate,
was shown to be in the range of 3000 to 5000 𝜇𝜀. However, whenever the
ultimate load was attained at a reinforcement strain below 5000 𝜇𝜀, 98% to
100% of the ultimate load was maintained up to a reinforcement strain of
5000 𝜇𝜀. If inadequate amount of GFRP reinforcement is provided across
a concrete joint, it would fail immediately at the cracking load and no
noticeable increase in the capacity over that of unreinforced joints would be
gained. In the latter case, the strain and, hence, the stress in the
reinforcement crossing the joint would be very small at the failure indicating
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a little to no influence of this reinforcement in the shear load carrying
mechanism.
3. The cracking load represents the shear resistance of the concrete interface
alone, which the test results, of this study, indicated to be in the range of 2
to 2.7 MPa. This range conforms with the finding of the previous studies
when rough interfaces were used (Hanson, 1960; Mattock, 1974; CTA
Bulletin, 1976; Mansur, 2008; Harries et al. 2012). In addition, the shear
transfer strength increases more with the reinforcement stiffness for a higher
concrete strength. This is similar to what was observed in the study of
Mansur et al. (2008).
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Figure 4.11 Load-slip curves of specimens of Group-V
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Figure 4.12 Load-reinforcement strain curves of specimens of Group-V
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Figure 4.13 Load-slip curves of specimens of Group-VI
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Figure 4.14 Load-reinforcement strain curves of specimens of Group-VI

As expected, lateral dilatations across the interface crack of the push-off specimens
were consistent with the strains of the reinforcement intersecting the interface plane. Figure
4.15 shows the load-lateral dilatation relationships of the test specimens that were
sufficiently reinforced. The lateral dilatation of the GFRP specimens in Figure 4.15 ranged
from 0.23 to 0.3 mm with an average value of 0.27 mm and it was about 0.21 mm for the
specimen SS2-50. Harries et al. (2012) reported an ultimate lateral dilation of 0.25 mm, at
the ultimate, for steel reinforced interfaces with a reinforcement ratio of 0.41% and 0.75%.
This small value of lateral separation corresponded to the ultimate load of sufficiently
GFRP reinforced interfaces in which the reinforcement strain was in the range of 3000 to
5000 𝜇𝜀 . Lateral separations at earlier loading stages prior to the ultimate were even
smaller. Therefore, there will be no serviceability issue with respect to the interface crack
width.
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It should be noted here that specimens which failed at/or soon after cracking
exhibited a negligible dilation across the shear plane in the range of 0.023 to 0.16 mm
which is compatible to the lateral dilatations of the unreinforced specimens C0-30 and C050 at their ultimate (see Table 4.2).
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Figure 4.15 Load-lateral dilation curves of test specimens
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4.3.2 Effect of the Reinforcement Shape
As mentioned in the previous chapter, three different shapes of the GFRP
reinforcement were used, namely: (1) stirrup; (2) headed bar; and (3) angle. Stirrup is the
most common shape of the shear transfer reinforcement that is being used along the
concrete joints, especially, at the junctions of precast girders and cast-in-place slabs.
However, it was decided to examine the use of GFRP headed bars since they are easy to
install, particularly, in cases where the replacement of the deteriorated steel reinforcement
is required in the rehabilitation work. Also, to examine the assumption of the shear friction
theory stipulating, that only reinforcement inclined to the shear plane would be in tension
when a direct shear load is applied along that shear plane, should be considered in the
evaluation of the shear transfer strength, GFRP bent bars (angles) were also used (see
Figure 3.2).
Table 4.3 shows test specimens sorted into groups from 1 to 4 to allow for comparison
relative to the reinforcement shape. Group-1 in Table 4.3 includes specimens made of 50
MPa concrete with a reinforcement stiffness less than the minimum suggested in the
previous discussion (203 N/mm2). The load-slip curves of specimens of this group are
illustrated in Figure 4.16. It can be seen from this figure that all specimens except FA3-50
failed immediately at the cracking load. These specimens developed a strength in the range
of 9 to 14% higher than the corresponding unreinforced specimen C0-50. This confirms
that regardless of the shape of a normally to the interface plane shear transfer reinforcement,
a minimum stiffness must be provided in order properly engage the reinforcement in the
shear carrying mechanism post to cracking. Otherwise, the failure, as in this case, occurs
at the cracking load of the interface.
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Table 4.3 Summary of test results (for the discussion of the reinforcement shape)

Group

1

2
3

Specimen
ID
C0-50
FS1-50
FA3-50
FH2-50
FH3-50(avg)
FS3-50
FH5-50
C0-30
FS3-30
FH5-30

𝒇′𝒄
(MPa)

50

30

𝑬𝝆𝒗 𝐬𝐢𝐧𝜶𝒇
(N/mm2)
0
101
108
122
182
304
304
0
304
304

Vu
(kN)
296
334
540
336
323
617
569
332
384
433

Strength
increase
over C0
(%)
0
13
82
14
9
109
92
0
16
30

At ultimate
Lateral
Slip
dilation
(mm)
(mm)
0.66
0.34
0.66
0.31
0.28
0.37
0.77
0.34
0.64
0.94
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0.021
0.030
0.422
0.028
0.159
0.014
0.301
0.034
0.229
0.304

Reinforcement
microstrain
NA
22
4525
389
2260
402
2953
NA
4847
4973

Residual
shear
capacity,
Vr
(kN)
218
324
606
571
367
565

Residual as a
percentage of
Vu (%)
65
100
98
100
96
130

It has to be mentioned here that both specimens with three headed bars showed a
significant load carrying mechanism after the failure. The maximum residual strength was
as high as 107% post to ultimate (Figure 4.16).
However, FA3-50 exhibited a shear strength 82% higher than C0-50. This points to an
involvement in the shear resistance of the compressed legs of the GFRP angles in the
bottom side of the specimen. It is true that these legs do not contribute in providing the
clamping stress required to develop an additional shear resistance by the mean of friction,
however, they may provide a shear resistance by the dowel action. Additionally, the
compressed legs provide a significant interlocking mechanism that resists the slip and the
direct shear along the shear plane. It is also noted from Table 4.3 that specimen FA3-50
showed larger slip and dilatation at the interface, at the ultimate load, than the rest of the
specimens of its group. In short, disregarding the inclined compressed reinforcement across
a concrete joint is a simplification of the problem and a conservative approach.
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Figure 4.16 Load-slip curves of specimens of Group-1
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Plots of the load-slip curves of specimens FS3-50 and FH5-50 (Group-2) are shown in
Figure 4.17. The reinforcement stiffness across the interfaces of these two specimens are
equal (304 N/mm2). Specimen FS3-50 developed a shear capacity about only 8% higher
than FH5-50. The sufficiently reinforced specimen FH5-50 developed substantial
resistance after cracking and exhibited an outstanding ductile failure mode. A significant
level of load resisting was maintained at considerably higher slips. The post failure
behaviour reported for specimen FH5-50 and earlier for FH3-50 is to be attributed to
excellent bond characteristics of the headed bars, which could prevent any slippage of the
reinforcement relative to confining concrete. This will keep the two faces on the interface
plane as close to each other as possible making it possible for higher dowel action and shear
resistance to be delivered. Similar situation was pointed out by Harries et al. (2012) and
Zeno (2009) when two types of steel with different bond characteristics were used.
Group-3 in Table 4.3, includes the test specimens FS3-30 and FH5-30. These two
specimens have an identical reinforcement stiffness and similar concrete strength (30 MPa).
The measured ultimate shear strength of FH5-30 is 12.7% higher than FS3-30. The loadslip behaviour of each of these specimens is plotted in Figure 4.18, along with the
behaviour of C0-30. This figure indicates a similar behaviour of the two specimens prior
to ultimate. However, the post failure resistance of the specimen with the headed bars is
extraordinary.
In conclusion, the influence of the GFRP reinforcement shape whether it is a stirrup or
a headed bar on the ultimate strength is not significant. However, headed bars were found
to provide a remarkable load-carrying capacity (ductility) after the ultimate load was
achieved. This might not be a concern since the design of the concrete joints according to
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the ultimate limit state is more interested about the interface stress conditions at the ultimate
point.
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Figure 4.17 Load-slip curves of specimens of Group-2
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Figure 4.18 Load-slip curves of specimens of Group-3

110

7

8

The compressed legs of the GFRP angles provide an additional resistance to shear by
the dowel action and the slippage interlocking mechanism. Ignoring such legs, as
recommended by the design codes, is a conservative approach and a simplification for the
sake of satisfying the main assumption of the shear friction theory that only frictional shear
resistance is delivered after cracking by the virtue of clamping stresses, which are
maintained by the tensile reinforcement across the shear plane.
Interfaces with GFRP stirrups suffered from an extensive spalling of the concrete
covering the stirrups. This spalling was observed to start at higher values of the shear
displacement (slip) and became more widespread as the slip increased. Figure 4.19(a)
shows this type of failure mode. This suggests that extra concrete cover than what was
provided (25 mm) might be needed to avoid this phenomenon at an advanced loading stages.
Specimens with steel stirrups suffered also from concrete cover spalling as illustrated in
Figure 4.19(b). Mattock (1972), Khan and Mitchel (2002) and Harries et al. (2012) reported
similar behaviour when steel stirrups were used.
When GFRP headed bars were utilized, the previous behaviour was not noticed since
more cover was provided. The crack maintained the shape of a clean cut up to the end of
the test as can be seen in Figure 4.20(a). This could be also a reason for the remarkable
post failure resistance and ductility associated with interface reinforced with GFRP headed
bars. Specimen FH5-30 which showed the most load carrying capacity after failure was
loaded to a much further stage. Three GFRP headed bars ruptured at the end of the test at
a slip of 12 mm. Figure 4.20(b and c) shows the failure mode of this specimen along with
the ruptured bars.
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It was stated earlier that specimen with two GFRP angles, FA2-50 failed prematurley
which resulted in a low measured strength. This failure was charactized by a concrete split
developed as a crack on of the specimen faces. This crack had approximately the shape of
the emobided angle and prolonged from the angle to the external surface of the specimen
as shown in Figure 4.21(a). The face of the specimen on which this crack developed was
verified to be the side where less concrete cover was provided, after the specimen was cut
open at its interface [Figure 4.21(b)]. This crack developed prior to the ultimate load and
is believed to be the reason of the low strength that this specimen showed.
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(a) FS2-50 (left) and FS2-50* (right)

(b) SS1-50 (left) and SS2-50 (right)
Figure 4.19 Spalling of concrete cover in test specimens with stirrups
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Despite that specimen FA3-50 had a stiffness close to the stiffness of specimen FS150 (calculated based on design codes), it exhibited 1.6 times the strength of the later. Figure
4.22 shows specimen FA3-50 after testing. From closely examination of this figure, one
can note a rotational movement of one part of the push-off specimen relative to the other,
around the junction of the compressed leg with the shear plane [Figure 4.22(b)]. Also, a
diagonal crack on the top corner of the shear plane parallel to the tensile leg of the GFRP
angle can be observed. These observations suggest that despite the fact that the compressed
legs would not provide clamping stresses along the shear plane, they provide a significant
interlocking against slip and, hence, contributed in the shear transfer strength. There is no
reasonable doubt that the compressed legs resist the slip along the shear plane and push the
two faces of the interface apart on opposite directions. As a result, the stress in the tensile
leg increases rapidly which led to the pull out of these legs along with the surrounding
concrete on the top part of the specimen causing the reported rotational movement. This
also explains the higher separation and reinforcement strain recorded for this specimens
than the companion specimens of Group-1 (Table 4.3). Kinking and dowel action of the
compressed legs can also be additives to the shear resisting mechanism.
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4.3.3 Effect of the Concrete Strength, 𝒇′𝒄
The influence that the concrete strength might has on the shear transfer strength or
behaviour of the concrete-to-concrete interfaces was an argumentative point as was shown
in the literature detailed in Chapter 2. While some researchers believed that it has no
influence on the shear transfer capacity as imposed by the original shear friction theory
(Anderson, 1960; Birkeland and Birkeland, 1966; Mast 1968;), others were convinced on
its effect and included, empirically, the influence of the concrete strength in their models
of the ultimate shear transfer strength (Walraven et al. 1987; Loov and Patnaik 1994; Khan
and Mitchell 2002 and others).
To exclusively investigate the influence of the concrete strength, specimens in Table
4.4 arranged into groups, I to V. Each group includes specimens with the same
reinforcement content and shape.
Group-I includes the test specimens with two GFRP stirrups made of a concrete of 30
and 50 MPa. The load-slip curves of these specimens along with the unreinforced ones C030 and C0-50 are shown in Figure 4.23(a). It can be noted from this figure that the strength
of FS2-50 was higher by 6.5% than the capacity of FS2-30. Yet, the general deformation
behaviour of these specimens is similar and consistent with the findings discussed in the
previous sections. A closer look on the load-slip curves of FS2-50 and FS2-30 is shown in
Figure 4.23(b). It reveals that the prior to failure stiffness of the specimen made of 50 MPa
was higher than that of the one made of 30 MPa.
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Table 4.4 Summary of test results (for the discussion of the concrete strength)
At ultimate
Group

I
II
III
IV
V
-

Specimen
ID

C0-50
FS2-50(avg)
FS2-30
FS3-50
FS3-30
FH3-50(avg)
FH3-30
FH5-50
FH5-30
FA3-50
FA3-30
C0-30

𝑬𝝆𝒗 𝐬𝐢𝐧 𝜶𝒇
𝒇′𝒄
(MPa) (N/mm2)
50
50
30
50
30
50
30
50
30
50
30
30

0
203
203
304
304
182
182
304
304
108
108
0

Vu
(kN)

Strength
increase
over C0
(%)

296
402
385
617
384
323
362
569
433
540
342
332

0
36
16
109
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9
9
92
30
82
3
0

Slip
(mm)

Lateral
dilation
(mm)

Reinforcement
microstrain

0.66
0.48
0.58
0.37
0.64
0.28
0.44
0.77
0.94
0.66
0.24
0.34

0.021
0.238
0.288
0.014
0.229
0.159
0.162
0.301
0.304
0.422
0.023
0.034

NA
3881
4466
402
4847
2260
1472
2953
4973
4525
100
NA
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Figure 4.23 Load-slip curves of specimens of Group-I
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(b)
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The influence of the concrete strength on the shear transfer capacity appears to be
more significant when higher reinforcement stiffness was used. Each of the specimens of
Group-II had three GFRP stirrups across its interface and they had a similar reinforcement
stiffness. The specimen made of 50 MPa concrete, FS3-50, exhibited a measured capacity
exceeded the capacity of FS3-30 by 61% [Figure 4.24(a)], which is a considerable increase
as compared to the previous case (2 GFRP stirrups). The load-deformation responses of
these specimens up to a slip of 1 mm are shown in Figure 4.24(b). As it can be seen, the
specimen with higher concrete strength exhibited much higher stiffness in the stage prior
to the cracking load.
Illustrated in Figure 4.25(a) are the load-slip responses of the specimens of three
headed bars sorted as Group-III with identical reinforcement stiffness. From this figure, it
can be seen that there is no evidence of the effect of the concrete strength. In contrary,
specimen made of 30 MPa concrete, FH3-30, developed 12% extra strength over the
average strength of the specimens with three headed bars made of 50 MPa concrete (Table
4.4). In fact, this confirms the importance of the reinforcement stiffness in controlling the
behaviour of the concrete interfaces and making it more predictable. If the reinforcement
stiffness across a concrete joint is inadequately provided, the concrete interface dominates
the behaviour and controls the strength of this interface in resisting the direct shear (Harries
et al. 2012). This gives the shear transfer problem a high level of unpredictability associated
with the, well established, uncertainty of the shear resistance and behaviour of unreinforced
concrete sections.
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Figure 4.25(b) shows that specimens of Group-II had almost similar stiffness prior to
ultimate indicating no effect of the concrete strength relative to stiffness in this case.
The influence of the concrete strength appears again in the well reinforced specimens
of Group-IV, which are provided with five GFRP headed bars across their interfaces (Table
4.4). Specimens with a higher concrete strength FH5-50 displayed a strength exceeded the
strength of FH5-30 by 31.4%. The general load-deformation behaviour of these specimens
are very close as shown in Figure 4.26(a). The narrow range of the deformation behaviour
of these specimens is shown in Figure 4.26(b). As can be seen, the prior to failure branch
of the load-slip curve of FH5-50 is stiffer than the corresponding one of specimen FH5-30.
The last group in this discussion is Group-V. It includes the specimens with three GFRP
angles and made of 50 and 30 MPa concretes. The shear transfer strength of FA3-50 is
reported, in Table 4.4, as of 58% higher than FA3-30. The general load-slip behaviour of
both specimens is pretty much the same as it can be noticed from Figure 4.27(a).
Additionally, the stiffness of both specimens prior to cracking of the interface was not
significantly influenced by the concrete strength [Figure 4.27(b)]. This observation is
consistent with what have been reported for low reinforced specimens so far in this section.
The capacity that the specimens with GFRP angles have shown is attributed to both the
tensile reinforcement stiffness (which is below the suggested minimum in section 4.3.1)
and to the compressed legs in the opposite side, which do not add any clamping stresses
along the interface. This means, that the actual stiffness that clamps the two faces of the
interface together is, in fact, low, and therefore, the stiffness of the load-slip curves did not
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change for the specimens of Group-V similar to the scenario of the specimens with three
headed bars mentioned earlier in the proceeding section.
The examination of the load-slip curves of the specimens in the assigned groups for
this section, revealed that raising the concrete strength would result in a higher shear
transfer strength and stiffer pre-cracking part of these curves only if the reinforcement
stiffness is higher than the minimum amount indicated section (4.3.1). Otherwise, there
would be limited to no influence of the concrete strength on the shear transfer strength. In
other words, the benefits of a stronger concrete are better utilized in a combination with
higher reinforcement stiffness parameter. Similar conclusions were pointed out by Mansur
et al. (2008) based on their push-off tests using steel reinforcement across their shear planes.
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4.4 Proposed Shear Friction Equation
The shear friction hypothesis postulates that the interface crack width, at the ultimate,
is large enough to stress the steel reinforcement intersecting the shear plane to its yield
stress. The clamping force, which is attributed to the steel reinforcement, is engaged once
the interface crack starts to open. However, in the case of the GFRP reinforcement where
no yielding occurs, another ultimate limit state must be introduced. In the following
discussion, an attempt has been made to identify this ultimate limit state and to investigate
the relationship between the nominal ultimate shear transfer strength, reinforcement
stiffness and the concrete strength.
The ultimate frictional shear resistance is mainly related to the following interdependent
parameters: (a) apparent coefficient of friction, 𝜇; (b) crack width; and (c) clamping stress.
In fact, these parameters are not constants but they vary from the cracking instant to the
ultimate load. Increasing the crack width would, indeed, increase the stress in the
reinforcement leading to a higher clamping stress, but it would also decrease the friction
coefficient. However, determining the actual variation of the coefficient of friction can be
a very complex matter, therefore, the coefficient of friction was considered to be
independent of the crack with and the clamping stress level during the loading history, in
all of the previous studies. This assumption will be considered true herein as well. The socalled “coefficient of friction” 𝜇 is a measure of the general surface roughness of the
interface. Different values of the friction coefficient were specified for different conditions
of the interface roughness, as was discussed in detail in Chapter 2. CSA A23.3 (2004)
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granted a value of 1 of the shear friction coefficient for an interface surface formed by
placing concrete against hardened surface that is clean and intentionally roughened to a full
amplitude of 5 mm (ACI 318-14 specifies 0.25 in. roughness). To simplify the construction
of composite members, many researchers conducted their experimental programs on the
basis of as-cast interfaces (Loov and Patnaik 1994; Khan and Mitchell, 2002; Khan and
Slapkus, 2004). This type of an interface was found compatible to the intentionally
roughened interface describe by the design codes (Khan and Slapkus, 2004; Khan and
Mitchell, 2002).
The clamping stress is directly related to the stiffness of the reinforcement intersecting
the shear plane which is characterized by the modulus of elasticity of this reinforcement
(i.e. 𝐸𝐹 for GFRP reinforcement). At the ultimate load, the crack width becomes
considerably large reducing, significantly, the friction between the interconnected members.
Any attempt to increase the load would only result in further widening of the crack
increasing the strain and, hence, the stress in the reinforcement but without any increase in
the applied loading as discussed the in previous sections.
In the following development of an equation to evaluate the ultimate shear transfer
strength, the stress in the GFRP reinforcement at the ultimate load, which are equal to the
exerted clamping stress, is correlated to the stress condition along the concrete joint. It
should be stated that since the construction of concrete-to-concrete joints are necessarily
associated to fabrication and erection variations, it is almost impossible to have two
identical connections, and the nature of stresses would never be the same from a connection
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to another (Mast, 1968).
As was illustrated in the discussion regarding the influence of the reinforcement
stiffness in section 4.3.1, the interface strain of the GFRP reinforcement, at the ultimate
load, was near 5000 𝜇𝜀 . The later situation corresponds to the case where the GFRP
reinforcement is sufficiently provided across the interface. By this debate, the clamping
force introduced to the faces of the interface, at the ultimate, by the GFRP reinforcement
(see Figure 4.28), can be given as, 𝜀𝐹 𝐸𝐹 𝐴𝑣𝑓 𝑠𝑖𝑛𝛼𝑓 . Therefore, the induced clamping stress
will be:

𝝈 = 𝜺𝑭 𝑬𝑭 𝝆𝒗 𝒔𝒊𝒏𝜶𝒇

(4.1)

The resisting force component in the direction parallel to the interface, as shown in
Figure 2.28, is 𝜀𝐹 𝐸𝐹 𝐴𝑣𝑓 𝑐𝑜𝑠𝛼𝑓 . In terms of stresses, the latter force may be expressed as
follows:

𝒗𝒍 = 𝜺𝑭 𝑬𝑭 𝝆𝒗 𝒄𝒐𝒔𝜶𝒇

(4.2)

where 𝜀𝐹 is the strain in the GFRP reinforcement at the ultimate load and it equals to
5000 𝜇𝜀, 𝐸𝐹 is the modulus of elasticity of the GFRP reinforcement (50 GPa for stirrups
and angles and 60 GPa for headed bars used in this study), and 𝜌𝑣 = 𝐴𝑣𝑓 /𝐴𝑐𝑣 is the GFRP
reinforcement ratio; 𝐴𝑣𝑓 is the area of the GFRP reinforcement (mm2); 𝐴𝑐𝑣 is the area of
the shear plane (mm2).
Plotted in Figure 4.29 are the normalized, with respect to the concrete strength,
clamping stress (0.005𝐸𝐹 𝜌𝑣 𝑠𝑖𝑛𝛼𝑓 /𝑓𝑐′ ) on the horizontal axis and the normalized net direct
shear stress [(𝑣𝑢 − 0.005𝐸𝐹 𝜌𝑣 𝑐𝑜𝑠𝛼𝑓 )/𝑓𝑐′ ] of the test specimens, at the ultimate load. The
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mean line through the data (dotted line in Figure 4.29) is given by the following equation:

𝒗𝒖 = 𝟎. 𝟎𝟓𝒇′𝒄 + 𝜺𝑭 𝑬𝑭 𝝆𝒗 𝒔𝒊𝒏𝜶𝒇 + 𝜺𝑭 𝑬𝑭 𝝆𝒗 𝒄𝒐𝒔𝜶𝒇

(4.3)

This equation yields to a test/calculated strength ratio of 1.06, with a standard deviation of
0.019.
Following the general philosophy of the shear design, where a lower bound
formulation is preferred, Eq. 4.4, represented by straight solid line in Figure 4.29, is
proposed. It is developed to give conservative, simple and rational predictions of the shear
capacity of cold-joint interfaces intersected by a sufficient GFRP shear reinforcement that
meets the requirements proposed in section 4.3.1. This equation has a component in the
form of the original shear friction equation proposed by Birkeland and Birkeland (1966)
and Mast (1968). However, it also conforms with the basis of Mattock and Hawkins (1972),
Mattock (1974), Basler and Witta (1966) and Khan and Mitchell (2002), Harries et al. (2012)
and others. This equation incorporates a frictional resistance component with a friction
coefficient of 𝜇 equals to 1, identical to the slop of the mean line (Eq. 4.3). This is similar
to the value suggested by the design codes (CSA A23.3-04; ACI 318-14; AASHTO, 2002;
AASHTO LFRD, 2012) for intentionally roughened interfaces. It includes a component for
adhesion bond and protrusions shear of the concrete interface (0.04𝑓𝑐′ ). It provides the
designer with visual and physical impact of the shear transfer mechanism. As discussed
previously the concrete strength has an insignificant influence on the frictional shear
resistance post to cracking of the interface. After cracking, the dominate factors are the
clamping stress 𝜎 , maintained by the reinforcement, and the general roughness of the
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interface, presented by 𝜇. This concept was also emphasized by many researchers, such as
Mattock (1988), Khan and Mitchell (2002) and Mansur (2008).
Being the ultimate nominal shear transfer stress resistance of as-cast rough cold-joint
concrete joint intersected by GFRP reinforced predicted by:

𝒗𝒖 = 𝟎. 𝟎𝟒𝒇′𝒄 + 𝜺𝑭 𝑬𝑭 𝝆𝒗 𝒔𝒊𝒏𝜶𝒇 + 𝜺𝑭 𝑬𝑭 𝝆𝒗 𝒄𝒐𝒔𝜶𝒇

(4.4)

where

𝟎. 𝟎𝟒𝒇′𝒄 + 𝜺𝑭 𝑬𝑭 𝝆𝒗 𝐬𝐢𝐧 𝜶𝒇 ≤ 𝟎. 𝟐𝟓𝒇′𝒄

(4.5)

Despite the soundness of Eq. 4.4 in predicting the shear transfer strength at a low value
of the clamping stress of the GFRP reinforcement, it is recommended that the minimum
value of the clamping stress to be used. Using a minimum amount of GFRP reinforcement
across a concrete interface raises the predictability of the shear transfer behaviour and
strength of such and allows to avoid immediate failure modes after cracking for under
reinforced interfaces or brutal and sudden failures associated with unreinforced interfaces.
It will also allow to utilize the GFRP reinforcement after cracking of the shear plane. The
minimum reinforcement requirement was shown to correspond to a reinforcement stiffness
perpendicular to the shear plane of 203 N/mm2. Using Eq. 4.1 would result in a clamping
stress 𝜎 of 1.02 MPa, which can be defined as the minimum required clamping stress that
needs to be delivered by the GFRP reinforcement in order to raise the strength of the
interface beyond the cracking load and to develop an additional shear frictional resistance
post to cracking. In fact, the necessity of a minimum requirement of the shear transfer was
discussed in the literature, especially by Mattock (1974) and Mattock et al. (1976). In these
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studies, a minimum clamping stress of the steel shear transfer reinforcement of 1.38 MPa
was suggested to ensure the legitimacy of the shear friction hypothesis.
An upper limit specified by the Canadian Code CSA A23.3 (2004) as suggested by Eq.
4.5 is maintained. This limit appears to be in an agreement with the test results. Although
it is possible to achieve a higher strength when higher GFRP content is used, this limit
seems desirable until further tests with higher clamping stresses of GFRP reinforcement are
carried out to determine whether this is merely a detailing problem.
If the design criteria implied by the design codes that an existing crack along the
interface has to be assumed prior to application of the shear load, only the second term of
Eqs. 4.4 shall be used in the evaluation of the shear transfer strength. It has to be noted that
only perpendicular or inclined to the shear plane reinforcement such that the shear force
produces tension in that reinforcement shall be included in the evaluation of the shear
transfer strength using Eq. 4.4.

𝜀𝐹 𝐸𝐹 𝐴𝑣𝑓 𝑠𝑖𝑛𝛼𝑓
𝜀𝐹 𝐸𝐹 𝐴𝑣𝑓 𝑐𝑜𝑠𝛼𝑓

Figure 4.28 Inclined GFRP shear transfer reinforcement
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(𝒗𝒖 − 𝟎. 𝟎𝟎𝟓𝑬𝑭 𝝆𝒗 𝒄𝒐𝒔𝜶𝒇 )/𝒇′𝒄

0.14

Test Results
Proposed Equation (Eq. 4.4)
Mean Line (Eq. 4.3)

0.12
0.10
0.08
0.06
0.04
0.02
0.00
0.00

0.01

0.02

0.03

0.04

0.05

0.06

𝟎. 𝟎𝟎𝟓𝑬𝑭 𝝆𝒗 𝒔𝒊𝒏𝜶𝒇 /𝒇′𝒄
Figure 4.29 Comparison of Eq. 4.3 and Eq. 4.4 with the test data

4.5 Summary
The results of the push-off tests conducted in this research were presented in this
chapter. The influence of each of the studied parameters, which are the reinforcement
stiffness, reinforcement shape and concrete strength was discussed in details. The general
behaviour of an adequately reinforced interfaces with GFRP reinforcement was described.
A minimum requirement of the GFRP shear transfer reinforcement was also specified. The
ultimate limit state for the cold-joint joints intersected by a sufficient GFRP reinforcement,
on which the formulation of a shear friction equation was based, was introduced. An upper
limit of the shear transfer strength in agreement with the test results and design codes was
suggested.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1 Overview
This study proposed a new application of the GFRP reinforcement as a shear transfer
reinforcement at the cold-joint concrete joints with as-cast rough interfaces. To explore the
feasibility and effectiveness of this innovative application, this study focused on the
experimental testing on the conducted push-off test specimens.
Twenty large scale double L-shaped push-off specimens with cold-joint conditions at
their interfaces were constructed and tested. The test specimens were divided into two series;
Series-I included fourteen specimens made of a concrete strength of 50 MPa and series-II
involved six specimens with a concrete strength of 30 MPa. The test variables among the
specimens of each series were: (1) the reinforcement stiffness; and (2) the reinforcement
shape. The substrate interface surface between the interconnected blocks of the push-off
specimen was left as-cast

5.2 Conclusions
Based on the detailed and parametric analysis of the test results of the push-off
specimens of the present study, the following conclusions can be drawn:


There is a minimum requirement of the reinforcement stiffness perpendicular to the
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interface plane of 203 N/mm2 that has to be met in order to activate the role of the
GFRP shear transfer reinforcement in providing additional shear frictional
resistance post to the cracking of the interface.


Specimens with low GFRP reinforcement content fail immediately at cracking load
which is dominated by the concrete interface resistance. Practically, the
reinforcement did not play any role in the resistance. However, the presence of the
reinforcement reduced the violent brittle failure mode associate with unreinforced
concrete interfaces.



The strain in the GFRP reinforcement at the ultimate, when the minimum
reinforcement requirement is satisfied, was in the range of 3000 to 5000 𝜇𝜀.



The reinforcement stiffness was found to be the dominant parameter in the shear
transfer mechanism. Interfaces with GFRP headed bars and stirrups having similar
stiffness were found to exhibit similar behaviour and strength.



GFRP reinforced interfaces with headed bars and stirrups showed a remarkable
ductility and post-ultimate load carrying capacity, particularly, when GFRP headed
bars were used.



For appropriately reinforced interfaces with GFRP reinforcement, the shear transfer
strength increases more with the reinforcement stiffness for higher concrete strength.



Higher concrete compressive strength would result in higher shear transfer strength
and a stiffer precracked part of the load-deformation response, if the reinforcement
stiffness is higher than the minimum specified above.
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For appropriately reinforced interfaces, the slip at the ultimate load was in the range
of 0.37 to 0.94 mm and the average lateral separation of the faces of the interface
was about 0.27 mm. Because of these limited values of deformations associated
with GFRP reinforced interfaces at the ultimate, there is no concern regarding the
serviceability requirements which are usually the most warranted in FRP reinforced
concrete elements.

5.3 Future Work
The following recommendations are suggested for future work on this topic:


The influence of high strength or/and lightweight concrete on the shear transfer
strength and behaviour requires further study.



The shear transfer mechanism and strength of concrete joints with smooth and
intentionally roughened interfaces need to be investigated.



The behaviour of the GFRP reinforced joints under fatigue and sustained loads is
recommended to be explored.
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