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Chapter 1

INTRODUCTION

Shear friction interface design is widely used in reinforced concrete design and is
typically applicable for shear transfer across a given plane such as when new concrete
is cast on existing concrete or the location of a potential crack in existing concrete.
Examples of applications include the connection between a composite girder and deck,
interface between a corbel and a column, and the base of a shear key. Shear friction
design is applicable in regions of beam splices, at the interface between a column and
a footing, and drapped ends of a beam (Caltrans 1994). More research is being done
on using high strength steel (HSS) in concrete structural members, such as in concrete
columns for highway bridges (Trejo et al. 2014). Full use of HSS strength in design
could provide benefits in construction. Advantages could include reduction of
reinforcing bar congestion as well as reductions in material and construction costs.
In US standards and codes, such as ACI 381 (2011) and AASHTO (2012), the design
strength of HSS reinforcing bars in shear friction interfaces is currently limited to 60
ksi [420 MPa]. To date, only limited research has been performed on assessing the
performance of HSS reinforcement in concrete shear friction applications. Harries et
al. (2012) reported results in which ASTM A1035 100 ksi [690 MPa] steel was used
and these results were compared to ASTM A615 60 ksi [420 MPa] steel. The test results
indicated that using the full yield stress in design could tend to overestimate the shear
interface capacity. However, the limited size of the specimens and questions related to
bond of the reinforcing bars may have played a role in the reported results. In addition,
to date, no tests have been done on use of ASTM A706 Grade 80 for shear friction
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applications. The objective of this study is provide a better understanding of the
behavior of Grade 80 [550] reinforcing steel meeting ASTM A706 specifications across
a concrete-concrete interface connection subjected to a shear force.
A total of twenty push-off test specimens were tested to gain more knowledge about
the effects of grade of reinforcement, reinforcing bar size, and reinforcement parameter
in concrete interface shear friction behavior. Chapter 1 of this thesis provides the
general motivation and introduction to the thesis. Chapter 2 provides an overview of
all test specimens and summarizes the research, which addresses the effects of grade,
reinforcing bar size, and reinforcement parameter for shear friction resistance. The
second manuscript (Chapter 3) presents in detail the effects of reinforcing steel grade
for shear friction resistance, and ultimately provides suggestions for improvement of
the current AASHTO and ACI 318 design equations. Chapter 4 summarizes the main
conclusions of the work.
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Chapter 2

EFFECT OF HIGH STRENGTH REINFORCEMENT
STEEL ON SHEAR FRICTION BEHAVIOR

2.

Will be submitted to:
Journal of Bridge Engineering (ASCE)
American Society of Civil Engineers
1801 Alexander Bell Drive
Reston, VA 20191
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ABSTRACT
Current bridge and building code provisions limit the contribution of the reinforcing
steel in concrete shear interface design to a yield strength to 60 ksi [420 MPa]. Thus,
the higher yield strengths of high strength steel (HSS) reinforcing bars cannot currently
be utilized in design. To date, only a limited number of tests have been performed to
characterize the shear friction resistance of members containing HSS and results from
these tests indicate that using the full HSS reinforcing bar yield stress capacity could
overestimate the shear interface capacity of the specimens. However, design of the HSS
reinforcement at its yield strength, if shown viable, could provide economic and
constructability benefits. In this work, the effect of HSS reinforcement on the shear
interface capacity is investigated through a series of push-off specimens with varying
reinforcing ratios, reinforcing bar sizes, and grades of steel reinforcement. For the
latter, ASTM A706 Grade 60 [420] and Grade 80 [550] reinforcing steel are used. Four
sets of five push-off test specimen types were tested for a total of 20 specimens. Half
of the specimens were reinforced with #4 [#13M] bars across the interface and the other
half were reinforced with #5 [#16M] bars across the interface. Using current design
equations, all push-off specimens were designed to have similar shear interface
resistance. The results from the experimental testing indicate that the reinforcing bars
did not strain to the strain level corresponding to the 80 ksi [550 MPa] yield stress.
While the difference in shear capacity was negligible for the #4 bar specimens, when
#5 bars were used, the HSS reinforced interfaces developed higher peak shear loads.
For all cases, use of HSS reinforcement increased the post-peak sustained loads.
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INTRODUCTION
Full use of HSS strength in design could provide benefits in construction. Advantages
could include reduction of reinforcing bar congestion as well as reductions in material
and construction costs. The use of high strength steel (HSS) reinforcing bars in
reinforced concrete structures could result in lower construction costs and decreased
reinforcement congestion. Even though HSS reinforcement is commercially available,
it is not widely used in bridge and building elements as designers and construction
engineers often prefer to specify most elements to have similar reinforcement grades
to mitigate construction risks.
Design applications for shear friction applications include the connection between a
composite girder and deck, interface between a corbel and a column, and the base of a
shear key. Shear friction design is applicable in regions of beam splices, at the interface
between a column and a footing, and drapped ends of a beam (Caltrans 1994).
AASHTO (2012) and ACI (2011) currently limit the design yield strength of
reinforcing steel to 60 ksi [420 MPa], even when HSS is specified, in shear friction
applications. One of the reasons for this limitation is that the response of concrete shear
friction applications with HSS reinforcing bars with nominal yields greater than 75 ksi
[520 MPa] is not well known because only limited testing has been done on the topic
(NCHRP 679 2011). This paper addresses this lack of research data by providing new
data on the behavior of Grade 80 [550] reinforcing steel meeting ASTM A706
specifications in shear friction applications.
Harries et al. (2012) reported that one of the commonly known names for the shearcarrying mechanism, when force is transferred to an interface parallel to the applied
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shear force, is ‘shear friction.’ The authors noted that the shear-carrying mechanisms
are complex and are a function of concrete properties, constituent materials, the
interaction between concrete and the reinforcement crossing the interface, and the
interface surface roughness. Concrete materials and properties include aggregate and
mixture proportions and the bond between the new and old concrete. This section will
present a brief review of the mechanisms of shear friction that play an important role
in the shear friction behavior, including: (i) aggregate interlock; (ii) dowel action; and
(iii) concrete-concrete bond or cohesion.
The aggregate interlock is a mechanism that requires the development of a clamping
force from either an internal reinforcing bar across the interface or an external load. In
general, aggregate interlock is dependent on the strength of the aggregate and the
clamping force provided by the reinforcing bars or external load. To understand more
on the behavior of the physical concrete interface, Kim et al. (2010) analyzed aggregate
interlock for self-consolidating concrete (SCC) and conventional concrete (CC). The
specimens were pre-cracked along the interface to ensure minimal or no concreteconcrete bonding. An external, stiff system of rods and plates were used to ensure the
interface did not widen. This setup ensured that only the aggregate interlock would be
tested without concrete-concrete cohesion. For example, from experimental results,
Kim et al. observed in the normal stress versus crack width response that as the crack
width increases, the normal stress (which is a resultant of the clamping force) increases
linearly as the aggregate interlock is developed. As the aggregates interact, the interface
tends to separate causing the reinforcing bars across the interface to engage, thus
providing a clamping force.
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Dowel action is another important component of shear friction. Walraven and
Reinhardt (1981) tested specimens with an “interrupted” bond at the interface. The
authors interrupted the bond of the reinforcement across the interface with soft sleeves
over a distance of 0.79 in. [20 mm] on each side of the crack. The research showed that
dowel action does not control at small crack widths, indicating that aggregate interlock
is the source of the shear load for composite elements. The authors reported that after
the aggregate interlock is broken, dowel action controls. The authors noted that dowel
action can be approximated with the following variables: (i) geometry of the interface;
(ii) position of reinforcing bar; (iii) crack location; (iv) interface displacement; (v) bar
diameter; and (vi) concrete strength.
Park and Paulay (1975) summarized dowel action with three modes: (i) flexure, where
the moment capacity of the reinforcing bar controls the behavior; (ii) shear, where the
shear capacity of the reinforcing bar controls the response; and (iii) kinking, where two
plastic hinges are created and the resistance is a function of the angle and geometry
between the plastic hinges and the tensile capacity of the reinforcing bar. In addition to
dowel action, concrete-concrete cohesion is another important parameter contributing
to shear friction resistance.
Concrete-concrete cohesion increases the shear load transferred across the interface, as
long as the bond between the two interfaces is not broken. Júlio et al. (2004) studied
concrete-concrete cohesion through slant shear cylinder tests. Júlio et al. (2004) found
that sand blasting the substrate surface provided the highest cohesion for shear, higher
than roughening the surface with a wire brush. The authors reported that the cohesion
could also be increased by increasing the concrete strength.
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The literature relating to shear-friction tests conducted with push-off test specimens is
shown Table 2.1. Table 2.2 lists the literature addressing shear-friction behavior in fullscale composite beam tests. In both tables the basic parameters are listed. Note that the
reinforcement parameter, rp, is the product of the reinforcement shear ratio and yield
strength of the reinforcing steel across the interface, given by:

rp   f y

(1)

The experimental works presented in Tables 2.1 and 2.2 were used in the development
of several design equations. Some of these have made their way into the current codes
and standards. Santos and Júlio (2012) provided a detailed review of shear-friction
research, recommendations, and code development. The authors identified that the
shear reinforcement parameter is an important parameter to characterize the shearfriction parameter. A compilation of the design curves show that there is a linear
relation between the interface shear strength and the reinforcement parameter, but that
the interface shear strength is limited. In other words, it has been observed
experimentally that an increase in the reinforcement parameter by increasing the yield
stress does not contribute increasing the shear load. This is why some codes, including
ACI (2011) and AASHTO (2012), do not account for the effect of the increase in yield
strength for HSS in the characterization of the shear friction capacity. For example, the
AASHTO (2012) shear-friction design equation is given by:
Vni =cAcv +μ(Avf fy +Pc )

(2)

Acv =bvi Lvi

(3)

where
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c is the cohesion factor specified in Article 5.8.4.3 (ksi [MPa]); Acv is the area of
concrete considered to be engaged in interface shear transfer (in.2 [mm2]); µ is the
friction factor specified in Article 5.8.4.3; Avf is the area of interface shear
reinforcement crossing the shear plane within the area (in.2 [mm2]); fy is the yield stress
of reinforcement with a design value limit of 60 ksi (420 MPa); Pc is the permanent net
compressive force normal to the shear plane and if force is tensile, Pc is 0.0 (kip [kN]);
bvi is the interface width considered to be engaged in shear transfer (in. [mm]); and Lvi
is the interface length considered to be engaged in shear transfer (in. [mm]).
From the literature referenced in Tables 2.1 and 2.2, Harries et al. (2012) and Patnaik
investigated the shear friction behavior of specimens with varying reinforcing bar sizes
and with steel yield stresses greater than 60 ksi [420 MPa]. Harries et al. (2012)
summarize the work presented in a NCHRP (2011) report. Patnaik (2001) studied the
behavior of shear friction behavior on smooth concrete interfaces with full-scale
composite beam specimens and varying reinforcing bar sizes and reinforcing steel yield
stress.
Harries et al. (2012) compared reinforcement ratio by using both #3 [#10M] and #4
[#13M] reinforcing bars with an identical reinforcing layout for a total of 8 specimens.
The grade of steel was an additional variable as ASTM A615 Grade 60 [420]
reinforcing bars were compared with ASTM A1035 Grade 100 [690] reinforcing bars.
The authors noted that the ultimate shear load was higher for the specimens with #4
[#13M] reinforcing bars when compared to specimens with the #3 [#10M] reinforcing
bars, which is consistent with a higher reinforcement parameter. Test results also
indicated that the capacities of three of the four ASTM A615 (Grade 60) specimens
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could be reasonably estimated using a reinforcement parameter with the nominal Grade
60 yield stress. However, the shear capacity of four ASTM A1035 specimens shear
capacity could not be reliably estimated when a steel stress of 100 ksi [690 MPa] was
considered. Instead, the shear capacity was better estimated when the yield stress was
limited to 60 ksi [420 MPa]. In the specimens reported by Harris et al. (2012), strain
gauges were installed on the reinforcing bars 3 in. [76 mm] from the interface. These
gauges showed that the reinforcing bars did not yield before reaching the peak shear
loads. The strains at peak load were equivalent to about 500 microstrain or 15 ksi [100
MPa], with the larger reinforcing bars having higher strains. As expected, adding larger
reinforcing bars, and therefore increasing the reinforcement parameter, increased the
shear friction resistance.
Patnaik (2001) studied the behavior of shear friction behavior on smooth concrete
interfaces with full-scale composite beam specimens and varying reinforcing bar sizes
and reinforcing steel yield stresses. The authors used reinforcing bar sizes that ranged
from 0.22 in. to 0.56 in. [5.6 mm to 14.1 mm] and found that the clamping stress had a
significant, linear relationship to the shear strength. In addition, many of the beams had
reinforcing stirrups that exceeded 93 ksi [641 MPa] yield strength. All of the results
from the specimens with HSS and different reinforcing bar sizes fit well with the other
specimens in a linear plot of shear strength versus clamping stress. However, the
authors, based on their tests alone, did not identify a limiting value that should be used
for the reinforcement parameter.
Shear friction and the effect of steel grade (yield strength) and reinforcing bar size as
it relates to reinforcement parameter has been reviewed. Concrete-concrete bond and
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aggregate interlock control the shear friction resistance until significant slip is
developed, when dowel action starts controlling the remaining and sustained resistance
until there is bar fracture. The reinforcement parameter is directly related to clamping
force, and a higher clamping force enables increased engagement of the aggregate
interlock and therefore increased shear friction resistance. The literature indicates that
there is a strong positive linear correlation between the shear friction resistance and the
reinforcement parameter. However, under the same values of reinforcement parameter
the resistance does not seem to be affected by the diameter of the reinforcing bar.
Reinforcing bar design strength is currently limited to 60 ksi [420 MPa] by ACI (2011)
and AASHTO (2012) codes. Minimal research has been done on how HSS grade and
reinforcing bar size effect shear friction resistance. This paper will assess how
reinforcement grade and size influence shear resistance.

EXPERIMENTAL PROGRAM
To study friction behavior of concrete shear interfaces containing Grade 80 [550]
reinforcing steel meeting ASTM A706 specifications, an experimental program was
developed. The program included testing 20 push-off test specimens. The specimens
were divided in two sets: Ten specimens were constructed with ASTM A706 Grade 60
[420] reinforcing steel bars across the interface and ten specimens were constructed
with ASTM A706 Grade 80 [550] reinforcing steel bars across the interface. Five
specimens from each set were constructed with #4 [#13M] reinforcing steel bars while
the remaining five (5) specimens were constructed with #5 [#16M] reinforcing steel
bars. The specimens containing #4 [#13M] reinforcing bars across the interface had a
shear interface reinforcement ratio, ρ, of 0.42%, and the specimens containing #5
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[#16M] reinforcing bars across the interface had a shear interface reinforcement ratio,
ρ, of 0.65%. AASHTO (2012) was used to design all 20 specimens to have a similar
design shear load. Thus, for the specimens containing #5 [#16M] reinforcing bars
across the interface, the reinforcing steel has a higher relative contribution to the design
strength than the specimens containing #4 [#13M] reinforcing bars across the interface.
Figure 2.1 shows the naming convention for the specimens. The experimental test
matrix is shown in Table 2.3. Figure 2.2 shows the layout of the specimens tested. Note
that the load is applied parallel to and through the concrete shear interface. The
reinforcing bars cross the interface perpendicular to the applied load. Figure 2.3 shows
the test elevations for the specimens reinforced with the #5 [#16M] reinforcing steel
bars. There was no debonded interface area on the specimens containing #4 [#13M]
reinforcing bars across the interface but there is a debonded area in the #5 [#16 M]
specimens. Further details on design, construction methods, and construction
procedures used in this study can be found in Barbosa et al. (2015).

Material Properties of High Strength Steel
The mechanical properties of the reinforcing steels used in this research can be found
in Table 2.4. The yield stress was calculated using the 0.2% offset method and also the
0.0035 in./in. [mm/mm] strain extension under load (EUL) method, as described in
ASTM E8/E8M.

PUSH-OFF TEST SETUP
Figure 2.4 shows the push-off test setup for the specimens containing #4 [#13M]
reinforcing bars across the interface. An identical setup was used for the specimens
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containing #5 [#16M] reinforcing bars across the interface. The specimens were placed
on two 4 in. [102 mm] wide load transfer steel plates, each approximately 1 in. [25 mm]
thick. These plates were aligned with the interface. The shear interface was marked and
a level laser was used to align the specimen with the axis of the cylinder of the actuator.
The specimen placement was finalized by adjusting the adjacent rollers in each
direction to center the specimen with the applied load. Interface string potentiometers
were installed and the strain gauges connected to the Data Acquisition System (DAQ).
A spring system was used to simulate a perpendicular (normal) load across the
interface, as shown in Figure 2.4. This system was installed and pre-loaded before the
specimen was checked for alignment a second time. The top load transfer steel plates
and roller was then installed along with remaining string potentiometers and
instrumentation. The actuator was a custom cylinder manufactured by Parker with a 14
in. [356 mm] stroke and rated to 500 kip [2224 kN] load capacity. A Lebow 3130-150
500K load cell was attached to the actuator. A Solartron ACR-100 LVDT was used to
measure the actuator displacement. A National Instruments SCXI-1001 chassis was
used with 27 channels to record data from the test.

Instrumentation
Figure 2.5 illustrates the instrumentation plan for the #4 [#13M] push-off test
specimens. A similar plan was devised for the specimens containing #5 [#16M]
reinforcing bars across the interface. Table 2.5 lists the external instrumentation used
for the #4 [#13M] and specimens containing #5 [#16M] reinforcing bars across the
interface. Vertical and horizontal string potentiometers were installed across the shear
interface to measure the relative displacements and to measure the crack width,
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respectively. Vertical string potentiometers were installed 1 in. [25 mm] away from
and parallel to the interface, while horizontal string potentiometers were installed
perpendicularly 4 in. [76 mm] from the end of the interface.
Strain gauges were internally placed in each specimen. Figure 2.6 shows the locations
of the strain gauges installed on the reinforcing bars. The strain gauge measurements
were used to estimate the clamping force. On all reinforcing bars, strain gauges were
installed 3 in. [76 mm] from the interface on one side of all reinforcing bars. For the
second reinforcing bar closest to the actuator, an additional strain gauge was installed
1 in. [25 mm] from the interface on the opposite side at the reinforcing bar. All strain
gauges, except for the strain gauge installed 1 in. [25 mm] from the interface, were
installed on each reinforcing bar under the inside of the 90 degree bend. The strain
gauge installed 1 in. [25 mm] from the interface was installed on the outside of that
bend.

TEST RESULTS
This section presents the experimental results for the specimens containing #4 [#13M]
reinforcing bars across the interface. Figures 2.7, 2.8, and 2.9 show the average of each
set for shear interface force versus the shear displacement, horizontal crack width, and
strain gauge readings, respectively. Table 2.6 shows the mean results for variables of
interest. These variables include: (i) the displacement at peak shear load, Δult; (ii) the
peak interface shear load, Vult; (iii) the minimum sustained interface shear load, Vsus,min;
(iv) the maximum sustained interface shear load, Vsus,max; (v) the interface shear load at
first bar fracture, Vb; (vi) and the displacement at first bar fracture, Δb. The initiation of
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cracking, Vcr, relates to the reinforcing steel strain across the interface and the crack
width as a sudden increase after a stiff linear response.

Interface Displacement
The interface displacement is important for analyzing how the aggregate interlock,
concrete-concrete cohesion, and dowel action influence performance. Interface
displacement is taken as the average of the interface string potentiometers that ran
parallel to the interface. Figure 2.7 shows this relation, obtained from a displacement
control testing protocol. From the start of the test to approximately 0.05 in. [1.27 mm]
interface displacement, the interface shear load versus interface displacement is linear,
after which a reduction in stiffness is observed before the peak shear load is reached.
After the peak interface shear load, the specimen interface slips noticeably and the
interface shear resistance drops sharply. In some results, after the main interface shear
load drops, discontinuities are observed at approximately 0.2 in. [5.1 mm] interface
shear displacement. These interface shear load discontinuities are believed to be due to
an instantaneous loss of aggregate interlock. These are then followed by an immediate
increase in stiffness and strength as the reinforcing steel bar dowel action engages.
Peak shear load variance was minimal. However, immediately after the displacement
at which peak interface shear load is achieved, results exhibit high variance. It can be
seen that the 5G80 specimens have significantly higher ultimate interface shear load
and sustained interface shear load than the other three (3) types of specimens. For the
other three (3) types of specimens, the results are within a range of about 25 kip [111
kN] during the sustained interface shear load portion of the test. Note that the 5G60
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specimens were designed to have similar capacity as the 4G60 specimens. Also, the
4G80 specimens had similar behavior to the 4G60 specimens.

Shear Test Results
Table 2.6 shows the specimen shear test results. The shear stress at peak interface shear
load, σult, was the peak shear load divided by the area of the interface. Work done on
the specimen before the first bar fracture, Eb, was calculated as the area under the
interface shear force versus displacement curve to the first bar fracture. From the table,
it can be seen that the coefficient of variation (COV) for all parameters was near or
below 10%. However, the COV for the interface shear displacement at first reinforcing
bar fracture, Δb, and the COV for the work done before first reinforcing bar fracture,
Eb, were both higher than 10% for the Grade 60 [420] specimens. This may be due to
the increased ductility of the Grade 60 [420] reinforcing steel across the interface of
the specimens. It is worth noting that the COV for these parameters is similar to the
inherent material variability (Mirza et al. 1979). The variance of the 4G60 and 4G80
specimens was greater for the peak interface shear stress than the 5G60 and 5G80
specimens as the COV was about 4 to 7% higher. This may be because the interface
surface roughness and concrete properties typically have higher variance than the
reinforcing steel.
The displacement at the peak interface shear load, Δult, was very similar for each grade
of reinforcing bar. The peak interface shear load and stress, Vult and σult, of the 5G80
specimens were about 15 kips [67 kN] higher than the 5G60 specimens, indicating that
the higher yield stress reinforcing bars were effective at increasing the shear friction
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resistance of the interface. However, this was not the case for the specimens containing
#4 [#13M] reinforcing bars across the interface, which exhibited similar peak shear
stresses and loads for both grades of reinforcing steel. The peak shear load and stress,
Vult and σult, for the 5G60 and 5G80 specimens were consistently higher than the 4G60
and 4G80 specimens, even though they all were designed to have similar capacities.
Because all 20 specimens were cast at the same time to reduce the variability in
concrete strength, results seem to indicate that the reinforcing bar size may contribute
to this increased strength. However, because the specimens containing #5 [#16M]
reinforcing bars across the interface also had the debonded area, the debonding may
not have been fully effective and may have contributed to this difference. The minimum
and maximum sustained shear loads, Vsus,min, and Vsus,max respectively, are higher for the
Grade 80 [550] specimens than for the Grade 60 [420] specimens. This is consistent
with the greater dowel action resistance that would be present for the HSS reinforcing
steel. The initiation of cracking, Vcr, is comparable for each set, indicating that, at least
for varying grades at a constant reinforcement ratio, Vcr is most likely controlled by
concrete cohesion rather than the reinforcement parameter. The shear load at fracture
of the first reinforcing bar, Vb, was higher for the Grade 80 [550] specimens, which is
again expected because of the higher yield stress reinforcing steel. The displacement at
first bar fracture, Δb, was relatively consistent for each set, which is unexpected as each
type of reinforcing steel had varying ultimate strain properties. The work done on the
specimen, Eb, was consistent for all sets except for the 5G80 specimen, which reported
higher values. The consistency of Eb may be from the similarity of the design
parameters of each set. Because the 5G80 specimens achieved a higher peak interface
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shear stress and sustained interface shear load than the other three groups, the work
done before first bar fracture is increased.

Reinforcing Bar Strain
Figure 2.8 shows the interface shear load versus average strain measured by the strain
gauges located 3 in. [76 mm] from the interface. The relation is nearly linear until about
50 microstrain, at which there is a pronounced change in stiffness. The load at which
this occurs is approximately 180 kips [800 kN] for the specimens containing #4 [#13M]
reinforcing bars across the interface and 140 kips [622 kN] for the specimens
containing #5 [#16M] reinforcing bars across the interface. This difference is mainly
due to the fact that the specimens containing #5 [#16M] reinforcing bars across the
interface had a smaller concrete interface area, thus exhibiting a smaller force due to
concrete-concrete cohesion. From the point of cohesion loss until the peak load, the
curves show a hardening branch. For the specimens containing #4 [#13M] reinforcing
bars across the interface, the reinforcing steel microstrain only surpasses the nominal
yield strain, which is 2070 microstrain for Grade 60 ksi [420 MPa] reinforcing steel,
after the peak interface shear load is reached. However, for the specimens containing
#5 [#16M] reinforcing bars across the interface, the bars reach the nominal yield strain
before the peak interface shear load was observed. The slopes of each of the sets are
similar, indicating that the global specimen stiffness of all sets of specimens are similar.
Table 2.7 shows the strain gauge readings at the peak interface load. Strain gauges, s1
s5, correspond to the strain gauges from the location on the shear interface closest to
the actuator. For example, s1 is the strain gauge that is closest to the actuator and s5 is
the strain gauge furthest from the actuator. For the specimens with #5 [#16M]
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reinforcing bars across the interface, only four strain gauges were installed. For both
types of specimens, s3 is the strain gauge that is located on the opposite U-bar leg 1 in.
[25 mm] from the interface. All of the COV values are at or above 10%, except for the
strain gauge located 1 in. [25 mm] from the interface (or s3). It is assumed that the strain
gauges 1 in. [25 mm] from the interface are a better representation of the strain
corresponding to the clamping force than the other strain gauges. Figure 2.9 shows the
strain at peak shear load for the s3 gauges. The value of ε60 approximately corresponds
to the strain at 60 ksi [420 MPa] and ε80 approximately corresponds to the strain at 80
ksi [550 MPa]. It can be seen that the value of 4G60 and 4G80 specimens achieved a
strain corresponding to about 45 ksi [310 MPa]. In addition, the 5G60 specimens
reached a strain corresponding to roughly 70 ksi [480 MPa] and the 5G80 specimens
reached a strain corresponding to about 80 ksi [550 MPa].

Crack Width
Figure 2.10 shows the load versus crack width for all specimens. The 5G80 specimen
results were cropped because the data was erratic and interfered with the figure display
during the sustained interface shear force. This was due to a malfunctioning string pot.
The positive average of the readings for the horizontal string potentiometers was
assumed here to be the approximate crack width. Crack width was monitored because
of its relation to the strain of the reinforcing bars and the contribution of aggregate
interlock. In general, the curves exhibit a trilinear form. The first section until the peak
interface shear load, then the curve exhibits a softening branch followed by a
decreasing section in the third section which exhibits a sustained interface shear load.
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DESIGN EQUATION
Harries et al. (2012) recently proposed an equation for the interface shear capacity
based on the three stages of shear friction mechanism:

Vni   Acv f c'  0.002 Avf Es  0.20 Acv f c'

(5)

where ( Acv f c' ) represents the concrete component during the linear, precracked stage
of the shear friction mechanism. The α variable is 0.075, 0.040, and 0 for monolithically
cast, cold-jointed, and precracked specimens, respectively; Acv is the area of the
concrete interface; and f′c is the design concrete compressive strength. For the second
or postcracked stage, the term 0.002Avf Es represents the friction force generated by the
reinforcing steel component. The coefficient of 0.002 is the strain corresponding to
approximately 60 ksi [420 MPa]. Avf is the area of reinforcing steel, and Es is the
modulus of elasticity of the reinforcing steel. For the third and final stage, before
cohesion is lost, or the stage in which the interface has cracked and experienced
sufficient slip to reach the peak interface shear force is limited to 0.2Acf f'c . This is where
0.2 is a coefficient determined by Kahn and Mitchell (2002) and Acv and f′c have been
defined. Equation 5 is similar to the equations used by current US codes and the
reinforcing steel strain parameter could be potentially modified for HSS. However, the
0.002 coefficient in Equation 5 limits the strain because the reinforcing steel is assumed
that it will not yield (Harries et al. 2012). Results in this paper, for the 4G60 and 4G80
specimens, show that this assumption is valid. Nonetheless, the reinforcing bar strains
in the 5G60 and 5G80 specimens were higher than the 0.002 strain value for the strain
gauges located 1 in. [25 mm] from the interface. Thus, from these test results, the
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equation proposed needs to account that the bar size. As such, the following equation
is proposed:

Vni = {

αAcv fc' + 0.002Avf Es , for bar smaller or equal to #4
αAcv f'c

+ Avf fy , for bar sizes > #4

≤ 0.2Acv f'c

(6)

where fy would be limited to 80 ksi [550 MPa]. However, as limited testing has been
done, it is recommended that further specimens with larger bar sizes be tested and that
full-sized girders and shear key specimens be tested to further validate the proposed
equation.

COMPARISON TO CURRENT DESIGN EQUATIONS
Figure 2.11 shows the ratio of the mean of the peak interface shear load measured in
the test results with the values determined from AASHTO (2012), ACI 318 (2011), and
the Harries et al. (2012) equation. The experimentally determined values for concrete
compressive strength and reinforcing steel yield stress were used with the respective
equations. This was done without limiting the values as specified by the corresponding
code and researchers. In addition, the nominal values of the concrete compressive
strength and reinforcing steel yield stress was taken with respective equation limitations
for comparison. For the ratios computed using the AASHTO (2012) equations, values
for an 1/8 in. [3.2 mm] roughness was interpolated between the AASHTO (2012)
values for 1/4 in. [6.4 mm] roughness and for surfaces that are not intentionally
roughened. For all four sets, the ratio ranged from 1.28 to 2.38 for taking the parameters
as the experimental values. If the parameters are taken with respective equation
limitations, the factor of safety ranges from 1.48 to 2.74. Note that the Harries et al.
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(2012) equation is the most efficient method considered. This means that the equation
produces factor of safety values that are closest to and greater than 1.0.

DESIGN CURVE DISCUSSION
Figure 2.12 shows the clamping force computed from the measurements from the strain
gauge that was 1 in. [25 mm] from the interface. The clamping force, P, is given by:

P  As Es s  Pc

(4)

where As is the total area of the reinforcing bar steel across the interface, Es is the
Young’s modulus of the reinforcing steel, and

s

is the strain of the reinforcing steel,

and Pc is the net compressive force normal to the shear plane measured by the load cell.
The stress-strain curves for the reinforcing steel obtained from the material testing (see
Barbosa et al. 2015) were used in this computation. The intercept value of the peak
shear versus clamping force line is 0.33 ksi [2.28 MPa], which is similar to the 0.28 ksi
[1.93 MPa] specified by AASHTO (2012) for 1/4 in. [6.35 mm] amplitude roughened
surface. Note that the specimens in the testing program reported here had a 1/8 in. [3.2
mm] amplitude roughened surface. In addition, the design curves for the Harries et al.
(2012), proposed equation, AASHTO (2012) for 1/4 in. [3.2 mm] roughened surface,
and for the AASHTO (2012) 0 in. or not intentionally roughened surface are shown for
comparison.

CONCLUSIONS
An experimental program with twenty push-off test specimens was developed to test
the performance of concrete shear friction interfaces containing Grade 80 [550]
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reinforcement meeting ASTM A706 specifications. Using Grade 80 [550]
reinforcement could reduce construction costs and reinforcement congestion, which
would enable designers to increase bridge economy. Research on Grade 80 [550]
reinforcing steel with varying reinforcing bar sizes in shear friction applications has
been presented. All specimens were designed to have similar peak shear loads, using
AASHTO (2012) design equations, although they had varying reinforcement
parameters between each set.
The main conclusions that can be drawn from these test results are:
1.

The specimens containing #5 [#16M] reinforcing bars across the interface
showed an increase in shear friction resistance with the higher grade steel.
However, the specimens containing #4 [#13M] reinforcing bars across the
interface did not. The difference between the two specimen types was the
reinforcing bar size and reinforcement parameter (  f y ).

2.

The sustained shear loads for the Grade 80 [550] specimens were higher for
both reinforcing bar sizes than the Grade 60 [420] specimens.

3.

The initiation of cracking, Vcr, was relatively consistent for specimens with
the same interface size, indicating that cracking is marginally influenced by
reinforcing steel grade and it is mainly influenced by the concrete-concrete
cohesion.

4.

From the readings of the strain gauges located 1 in. [25 mm] from the
interface at the peak interface shear force, the 4G60 and 4G80 specimens
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achieved a strain corresponding to about 45 ksi [310 MPa]. The 5G60
specimens reached a strain corresponding to roughly 70 ksi [480 MPa] and
the 5G80 specimens reached a strain corresponding to about 80 ksi [550
MPa].
5.

A new design equation is proposed, which accounts for the effect of the bar
size. However, since limited research had been done on this topic, a set of
testing recommendations is also proposed at the end of the previous section.

The results from this research aid in the application of Grade 80 [550] reinforcement
in shear friction applications. Parameters out of the range of the study, which should
be evaluated, include other reinforcing bar sizes, reinforcing bar spacing, and also
reinforcement parameters with HSS. These parameters could potentially be used as
modifiers to achieve higher reinforcement steel contribution to shear friction interfaces
reinforced with HSS.
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Table 2.1 Reference parameters for push-off test specimens
Load
direction
Reference

Specimen size
V=Vert.
H=Horiz.

Hofbeck et
al.(1969)

Mattock et al.
(1976)

V

V

Kahn and
Mitchell (2002)

V

Scholz et al.
(2007)/Wallenf
elsz (2006)

H

Mansur et al.
(2008)

Scott (2010)

Trejo and Kim
(2011)

Harries et al.
(2012)

V

H

H

V

21.5 in. x 10
in. x 5 in.
(546 mm x
254 mm x 127
mm)
22 in. x 12 in.
x 12 in.
(559 mm x
305 mm x 305
mm)
24 in. x 12 in.
x 10 in.
(610 mm x
305 mm x 254
mm)
48 in. x 16 in.
x 18 in.
(1219 mm x
406 mm x 457
mm)
29.5 in. x
15.75 in. x 5.9
in.
(750 mm x
400 mm x 150
mm)
50 in. x 18 in.
x 16 in.
(1270 mm x
457 mm x 406
mm)
48 in. x 16 in.
x 18 in.
(1219 mm x
406 mm x 457
mm)
10 in. x 44 in.
x 24 in.
(254 mm x
1118 mm x
610 mm)

Bar size(s)

Steel
ratios
, ρ, %

Yield
stress,
fy, ksi
(MPa)

Concrete
strength,
f'c, ksi
(MPa)

1/8 in. (3.2
mm),#2 (6.4
mm), #3
(#10M), #4
(#13M), #5
(#16M)

0.00%
2.64%

48.0
66.1
(331
456)

4
(27.6)

#3 (#10M)

0.00%
3.79%

47.7
53.6
(328.9
369.6)

2.5
(17.2),
6.0
(41.4)

50

#3 (#10M)

0.37%
1.47%

69.5
(479.2),
83.0
(572.3)

6.8
(46.7),
17.9
(123.4)

26

#4 (#13M),
#5 (#16M)

0.10%
,
0.16%

73
(503.3)

4.3-6.0
(23.6
41.4)

19

0.315 in. (8
mm), #3
(#10M)

0.45%
2.67%

43.5
(300)

10.6 (73),
12.3 (85),
13.8 (95),
15.4
(106)

36

#4 (#13M),
#5 (#16M),
#6 (#19M)

0.00%
,
0.10%
,
0.5%,
1.2%

60
(410)*

5.7-6.2
(39.3
42.7)

8

#4 (#13M),
#5 (#16M)

0.10%

62
(428)

5.9-7.5
(40.7
51.7)

8

#3 (#10M),
#4 (#13M)

0.41%
,
0.75%

61.5
(424.0)
140.0
(965.3)

5
(34.5)

Number of
specimens

38

62

*Actual yield stress unknown. Nominal yield stress stated.
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Table 2.2 Reference parameters for the full-scale composite beam specimens
Referenc
e

Seamann
and
Washa
(1964)
Loov and
Patnaik
(1994)

Patnaik
(2001)

Kahn and
Slapkus
(2004)

Specimen size
96 in., 144 in., 240
in. x 17 in. x 15
in. (2438 mm,
3658 mm, 6096
mm x 432 mm x
381 mm)
118.1 in. x 15.75
in. x 13.78 in.
(3 m x 0.4 m x
0.35 m)
Rectangular
Beams:
106.3 in. x 13.78
in. 9.84 in.
(2.7m x 0.35m x
0.25m)
T-Section Beams:
126.0 in. x 13.78
in. x 15.75 in.
(3.2m x 0.350m x
0.4m)
120 in. x 15.5 in. x
16.5 in.
(3048 mm x 394
mm x 419 mm)

Reinforcemen
t ratio, ρ, %

Yield stress,
fy, ksi (MPa)

Concrete
design
strength, f'c,
ksi (MPa)

42

#3
(#10M),
#4
(#13M)

0.00-1.07%

42.6
(293.7),
53.7
(370.2)

3 (20.7),
4.5 (31.0),
5.5 (37.9)

16

#3
(#10M)

0.10-1.89%

59.0-63.5
(407-438)

2.8-7.5
(19.3-51.7)

18

0.22 in.
(5.6 mm),
0.25 in.
(6.4 mm),
0.34 in.
(8.7 mm),
0.35 in.
(8.9 mm),
0.56 in.
(14.1
mm)

0.05-1.05%

49.3-102.1
(339.9-704.0)

2.5-5.0
(17-34.8)

6

#3
(10M)

0.19-0.37%

80.7
(556)

7.3 (50.3),
11.3 (77.9)

Number
of
specimens

Bar Size

31
Table 2.3 Experimental test matrix
Tests

Reinforcing
steel bar size

4G60

#4 (#13M)

4G80

#4 (#13M)

5G60

#5 (#16M)

5G80

#5 (#16M)

ASTM
A706 grade

Interface
width

60 ksi
(420 MPa)
80 ksi
(550 MPa)
60 ksi
(420 MPa)
80 ksi
(550 MPa)

24 in. (610
mm)
24 in. (610
mm)
12in. (305
mm)
12in. (305
mm)

Interface length

Reinforcement
spacing (centerto-center)

Number of
specimens

16 in. (406 mm)

4 in (102 mm)

5

16 in. (406 mm)

4 in (102 mm)

5

24 in. (610 mm)

8 in. (203 mm)

5

24 in. (610 mm)

8 in. (203 mm)

5

Table 2.4: Reinforcing bar tensile test results summary

Bar
size

#4
(#13M
)
#5
(#16M
)
#4
(#13M
)
#5
(#16M
)

Yield Point
(0.2% offset)

Yield Point (0.0035
EUL)

Tensile strength
point

AST
M
A706
grade
ksi
(MPa)

Stress
, ksi
(MPa)

Strain,
in./in.
(mm/mm
)

Stress
, ksi
(MPa)

Strain,
in./in.
(mm/mm
)

Stress
, ksi
(MPa)

Strain,
in./in.
(mm/mm
)

Stress
, ksi
(MPa)

Strain,
in./in.
(mm/mm
)

60
(420)

68.9
(475)

0.0047

68.6
(473)

0.0035

98.6
(680)

0.1100

72.6
(501)

0.1585

60
(420)

64.6
(445)

0.0043

64.3
(443)

0.0035

93.8
(647)

0.1180

67.6
(466)

0.2239

80
(550)

87.6
(604)

0.0054

85.7
(591)

0.0035

115.4
(796)

0.0838

93.0
(641)

0.0988

80
(550)

86.2
(594)

0.0051

85.4
(589)

0.0035

114.3
(788)

0.1066

86.8
(598)

0.1555

Ultimate strain

Table 2.5 Summary of measure observations and instrumentation
Measured observation

Instrumentation

Drawing label

Specimen base movement

4 LVDTs (horizontal)

(A)

Specimen top lateral movement

4 string pots

(B)

Specimen top vertical movement

2 string pots

(C)

Shear interface vertical movement

4 string pots

(D)

Shear interface horizontal movement

4 string pots

(E)

Applied shear load

1 load cell

(F)

Applied simulated dead load

1 load cell

(G)

Actuator displacement

1 LVDT (vertical)

(H)

Reaction frame beam displacement

1 string pot

(I)
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Table 2.6 Shear test results
Spec

4G60

4G80

5G60

5G80

Stat

Mean

Δult,
in
(cm)
0.044
(0.11)

Vult, kip
(kN)

σult, ksi
(MPa)

262.82
(1169.1)

684.42
(4718.9)

Vsus,min,
kip
(MPa)
149.86
(666.6)

Vsus,max,
kip
(MPa)
171.88
(764.6)

Vcr,
kip
(MPa)
188.06
(836.5)

Vb, kip
(MPa)
166.82
(742.0)

Δ b,
in.
(cm)
1.143
(2.9)

Eb,
kip-ft
(kJ)
16.754
(22.7)

cov

10%

5%

5%

5%

3%

4%

5%

15%

14%

Mean

0.045
(0.11)

262.22
(1166.4)

682.87
(4708.2)

160.15
(712.4)

179.03
(796.3)

182.05
(809.8)

170.19
(757.0)

1.119
(2.8)

16.851
(22.8)

cov

3%

8%

8%

10%

1%

9%

6%

11%

9%

Mean

0.065
(0.17)

274.75
(1222.2)

955.30
(6586.6)

161.78
(719.6)

191.02
(849.7)

142.18
(632.4)

188.79
(839.7)

1.054
(2.6)

16.545
(22.4)

cov

9%

1%

1%

6%

5%

1%

5%

25%

22%

Mean

0.067
(0.17)

299.94
(1334.2)

1039.92
(7170.0)

194.92
(867.0)

213.54
(949.9)

143.72
(639.3)

206.77
(919.7)

1.058
(2.6)

19.498
(26.4)

cov

9%

4%

4%

3%

2%

2%

4%

8%

7%

Table 2.7 Strain gauge readings at ultimate shear load
Spec
4G60

4G80

5G60

Stat

s1

s2

s3

s4

s5

Mean

0.0020

0.0019

0.0016

0.0017

0.0012

cov

12%

15%

8%

23%

22%

Mean

0.0022

0.0018

0.0016

0.0017

0.0011

cov

34%

8%

6%

22%

14%

Mean

0.0056

0.0062

0.0026

0.0044

N/A

cov

4%

13%

10%

14%

N/A

Mean

0.0043

0.0050

0.0027

0.0032

N/A

cov

17%

20%

5%

11%

N/A

5G80
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Figure 2.1 Naming convention of the push-off test specimen series

(a)

(b)

Figure 2.2 Simplified elevation schematic of push-off test specimen to show side 2
(top), side 1 (bottom), reinforcing steel bars, and shear interface: (a) longitudinal
section, (b) transverse section.

(a)

(b)

Figure 2.3 Test elevations for the specimens containing #5 [#16M] reinforcing bars
across the interface: (a) front view elevation, (b) side view elevation
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Figure 2.4 Elevation view of test setup for the specimens containing #4 [#13M]
reinforcing bars across the interface

(a)

(b)

Figure 2.5 External instrumentation elevation view for specimens containing #5
[#16M] reinforcing bars across the interface: (a) Front view elevation, (b) side view
elevation
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(a)

(b)

Figure 2.6 Internal instrumentation elevation: (a) Specimens containing #5 [#16M]
reinforcing bars across the interface and (b) specimens containing #4 [#13M]
reinforcing bars across the interface
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Figure 2.7 Average interface shear force versus displacement for all specimens
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Figure 2.8 Average interface shear force versus reinforcing steel strain for all
specimens
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Figure 2.9 Microstrain at peak shear load for average of strain gauges 1 in. [25 mm]
from the interface for each specimen set

Interface Shear Force, kN

1500

325

37

0.5

Crack Width, mm
1.0
1.5

2.0

2.5
1500

Interface Shear Force, kip

325
300

1350

275

1200

250

1050

225
200

900

175

750

150
600

Specimen
4G60
4G80
5G60
5G80

125
100
75
50

450
300
150

25
0
0

0.02

0.04
0.06
Crack Width, in.

0.08

0
0.1

Figure 2.10 Average interface shear force versus crack width for all specimens

Figure 2.11 Comparison of push-off test results with values from US codes
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Figure 2.12 Experimental ultimate shear stress versus clamping stress
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ABSTRACT
There is interest in using high strength steel (HSS) reinforcing bars in many concrete
design applications. HSS reinforcement has the potential to decrease construction costs
and reinforcement congestion. However, the design value of HSS reinforcing bars for
concrete-concrete shear friction interfaces is currently limited to a nominal yield
strength of 60 ksi [420 MPa] in both bridge and building code provisions. In part, this
is due to the limited information on the performance of HSS reinforcing bars in
concrete shear interfaces. This manuscript presents new data on the performance of
shear friction interfaces containing HSS reinforcing bars. The results of five push-off
test specimens constructed using reinforcing steel meeting ASTM A706 Grade 80 [550]
specifications and five push-off test specimens using reinforcing steel meeting ASTM
A706 Grade 60 [420] specifications are presented. All specimens were reinforced with
#5 [#16M] reinforcing bars across the shear interface and designed according to current
design equations. Results indicate that the specimens containing the HSS reinforcing
bars across the interface exhibited higher peak forces and higher post-peak sustained
interface shear forces. Results indicate that as long as the reinforcing bars yield, Grade
80 [550] HSS may be used at its full design yield stress in shear friction applications.
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INTRODUCTION
The shear-carrying mechanism present when shear is transferred across a concrete
interface subject to Mode II displacement is commonly known as aggregate interlock,
interface shear transfer, or shear friction. Shear friction, used in this manuscript, is
typically considered to develop across a given shear plane at an existing or potential
crack location, an interface between dissimilar materials, an interface between two
concretes cast at different times, or the interface between different elements of a cross
section. The interface on which the shear acts is referred to as the “shear” or “slip
plane.” Examples of interfaces where this mechanism is observed in engineering
structures includes corbels, bearing shoes, ledger beam bearings, and a host of
connections between precast concrete elements (Mansur et al. 2008). This includes
connections between girders and decks, such as the types designed in AASHTO (2012),
and seismic shear keys.
High strength steel (HSS) is commercially available. However, its use is still limited in
countries that use ACI (2011) and AASHTO (2012) as design standards. AASHTO
(2012), for example, limits the design yield stress of concrete shear friction interface
reinforcing bars to 60 ksi [420 MPa]. Even though there has been some research on the
application of HSS reinforcing bars in bridges (Trejo et al. 2014), minimal research has
been done on the application of HSS reinforcing bars in concrete-concrete shear friction
interface connections (Harries et al. 2012). Most of the research completed to date
suggests that the additional capacity of reinforcing steel with a yield stress higher than
60 ksi [420 MPa] cannot be used for design. The objective of this study is to provide
new data on the behavior of concrete shear friction interface connections reinforced
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with Grade 80 [550] reinforcing steel meeting ASTM A706 specifications in shear
friction applications. This research provides data to support State Highway Agencies
(SHAs) use of Grade 80 [520] reinforcing steel to design additional components of
bridges.
Birkeland and Birkeland (1966) created a shear friction analogy that is commonly used
in the literature to explain the mechanics of the theoretical interface shear behavior
when the interface plane is crossed by reinforcing steel. Components of shear friction
mechanics include: (i) concrete-concrete bond or cohesion, (ii) aggregate interlock, and
(iii) dowel action. As long as the bond between the two interfaces is not broken,
concrete-concrete cohesion will resist the shear load transferred across the interface.
To isolate the effect of concrete-concrete cohesion, Júlio et al. (2004) completed slant
shear and pull-off tests. Julio et al. found that the surfaces that had the substrate surface
sand-blasted had the highest values of cohesion. This method showed stronger cohesion
than partially chipped and wire-brushed interfaces that the authors also tested.
Furthermore, Julio et al. (2004) also reported that increasing the concrete strength
increase the bond strength of the interface.
Aggregate interlock is the locking of the aggregate connected to each side of the
interface. Figure 3.1 illustrates the concept of aggregate interlock in the presence of
reinforcement normal to interface m-m. When an interface is subjected to a lateral load,
as shown in the figure, the interface separates a distance, β, due to the interaction of the
interface. From this displacement, the tension in the reinforcing bars increase, which is
equal and opposite to the compression force carried through the interface, known as the
clamping force. This clamping force, P, is given by:

43

P  As Es s  Pc

(7)

where As is the area of the reinforcing bar across the interface, Es is Young’s modulus
of the reinforcing steel bars, s is the average strain of the reinforcing bars across the
interface, and Pc is the permanent net compressive force normal to the shear plane. The
interface surface roughness is often simplified as a sawtooth surface at the interface mm with an angle ϕ. The model by Birkeland and Birkeland (1966) assumed that the
reinforcing bars were properly anchored on both sides of the interface and therefore
their full yield strength would be developed at the ultimate shear capacity. The
corresponding clamping force would be the clamping force given by:

P = As f y

(8)

where fy is the yield strain of the reinforcing steel bars across the interface. This
clamping force and surface roughness causes the aggregate at the interface to lock
together and resist the shear force across the interface. This phenomenon is referred to
as aggregate interlock and the higher the clamping force developed, the higher the
resistance from aggregate interlock. In addition to aggregate interlock and concreteconcrete cohesion, dowel action is also a parameter that plays a role in the shear friction
behavior.
Park and Paulay (1975) presented the mechanisms of the main dowel action, which
includes flexure, shear, and/or kinking mechanisms. Flexure dowel action is resisted
by the moment resistance of the reinforcing bar in bending. Shear dowel action is
developed when a reinforcing bar deforms in shear. Kinking assumes a pure tensile
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resistance at an angle between two plastic hinge points on the reinforcing bar, which
would create horizontal and vertical resistances. Research by Walraven and Reinhardt
(1981) showed that dowel action only develops significantly if there is considerable
slip across the interface. In other words, until the interface cracks and slips
significantly, aggregate interlock and concrete-concrete cohesion control the shear
friction behavior. However, after significant cracking, slippage, and cohesion loss,
dowel action is the only mechanism resisting shear forces.
The shear interface behavior of specimens containing HSS reinforcement meeting
ASTM A1035 100 ksi [690 MPa] specifications was investigated by Harries et al.
(2012) and Zeno (2009). The experimental study by Harries et al. consisted of push-off
test specimens that simulated the connection between an AASHTO (2007) girder and
a slab. The results from the experiments were used to compare the performance of the
shear friction capacity for specimens containing reinforcing steel meeting ASTM A615
Grade 60 [420] and ASTM A1035 Grade 100 [690] specifications. The interface was
prepared with a 1/4 in. [6.4 mm] roughness amplitude and the concrete surface was
cleared of laitance before casting the second concrete layer following the
recommendation of AASHTO (2007) section 5.8.4.3. Test results showed that for the
peak interface shear load of three of the four specimens containing ASTM A615
reinforcing bars across the interface exceeded the design values computed using the
AASHTO (2007) design procedure (limited yield to 60 ksi). None of the four
specimens containing ASTM A1035 reinforcing bars across the interface exceeded the
design values when using the AASHTO (2007) design equations and when using the
reinforcing steel yield stress of 100 ksi [690 MPa]. However, the specimens with
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ASTM A1035 reinforcing steel exceeded the design values when using a yield strength
of 60 ksi [420 MPa]. The AASHTO (2007) equation quantifies the horizontal shear
strength, Vni (kip [kN]) by:
Vni =cAcv +μ(Avf fy +Pc )

(9)

Acv =bvi Lvi

(10)

where

c is the cohesion factor specified in Article 5.8.4.3 (ksi [MPa]); Acv is the area of
concrete considered to be engaged in interface shear transfer (in.2 [mm2]); µ is the
friction factor specified in Article 5.8.4.3; Avf is the area of interface shear
reinforcement crossing the shear plane within the area (in.2 [mm2]); fy is the yield stress
of reinforcement with a design value limit of 60 ksi (420 MPa); Pc is the permanent net
compressive force normal to the shear plane and if force is tensile, Pc is 0.0 (kip [kN]);
bvi is the interface width considered to be engaged in shear transfer (in. [mm]); and Lvi
is the interface length considered to be engaged in shear transfer (in. [mm]).
Furthermore, Harries et al. (2012) and Zeno (2009) used different reinforcing bar
diameters across the interface. Test results indicated that the peak loads were higher for
the specimens with higher area of steel for a constant concrete shear interface area. In
addition, results indicated that the post-peak load drop was more pronounced and the
sustained loads were larger for the ASTM A1035 reinforcing steel. The strain of the
reinforcement crossing the interface (measured 3 in. [76 mm] from the interface)
indicated that for all specimens the strains did not reach yielding strains before the peak
interface shear force was reached. The only significant yielding was observed after
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significant damage of the specimens was observed. Harries et al. (2012) proposed a
design equation that does not account for the effect of the reinforcement ratio explicitly,
even though the researchers recognized the importance of the increased clamping force.
This is because the strain results indicated that the reinforcing bars had not yielded.
Thus, the equation corroborates the expressions available for design in the AASHTO
(2007), which limits the nominal fy to 60 ksi to account for the reinforcing bars not
reaching strains corresponding to the reinforcing steel yield point. It is worth noting,
however, that the results from the Harries et al. (2012) study indicate that increasing
the yield strength does enable the post-peak sustained load to be higher. Because the
results showed that the ASTM A615 steel reinforcement strain values were smaller
than the ASTM A1035 steel reinforcement of the same specimen size and geometric
configuration, Harries et al. (2012) attributed this behavior to the potential of enhanced
bonding characteristics of the ASTM A1035 steel.
Summarizing, before and at the peak load for a concrete-concrete interface, the
concrete-concrete bond or cohesion in combination with aggregate interlock controls
the interface behavior. After the peak load, the dowel action of the reinforcing bars
controls the interface behavior. The aggregate interlock is enhanced with increased
clamping force and surface roughness. The former can either be provided externally
through an imposing force on the shear interface or internally by providing reinforcing
bars across the shear interface. The design values for the reinforcing bars are currently
limited to 60 ksi [420 MPa] by ACI (2011) and AASHTO (2012) equations. Limited
research has been done on determining the behavior of HSS in shear friction
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applications. This paper presents new test results on the performance of concrete shear
friction interfaces constructed with HSS reinforcing bars.

EXPERIMENTAL PROGRAM
An experimental program was developed to test the performance of concrete shear
friction interfaces containing Grade 80 [550] reinforcement meeting ASTM A706
requirements. This experimental program included testing ten (10) push-off test
specimens. Five (5) specimens were reinforced with ASTM A706 Grade 60 [420]
reinforcing bars and the other five (5) were reinforced with ASTM A706 Grade 80
[550] reinforcing bars. All sets contained #5 [#16M] reinforcing bars across the
interface. The spacing for the reinforcing bars was 8.0 in. [102 mm]. The interface
width and length were 12 in. and 24 in. [305 mm and 610 mm], respectively. All
specimen interfaces had an interface reinforcement ratio of 0.65%. All specimens were
cast with 4 ksi [27.6 MPa] nominal compressive strength concrete. The naming
convention for the specimens is as follows: (i) reinforcing bar size (“5” or “#5
[#16M]”); (ii) reinforcing steel grade (“G60” or “G80” for Grade 60 [420] or Grade 80
[550], respectively); and (iii) specimen number (“-1” for “specimen 1”). For example,
the second specimen of the Grade 60 [420] set is labeled as 5G60-2. Figure 3.2 shows
the layout of the specimens tested. The reinforcing steel bars, or U-bars, cross
perpendicular to the interface and reinforce the concrete shear connection. The U-bar
detailing was developed to represent well anchored girder to deck connections. Figure
3.3 illustrates the dimensions of a typical specimen. A gap of 2 in. [51 mm] was
provided on each side of the L-shapes to allow for relative movement of the different
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“L” sections. The applied load shown in Figure 3.3 is imposed parallel to and along the
alignment of the slip plane (shear interface).
The specimens were supported on a deep reinforced concrete strong floor through a 4
in. [102 mm] wide load transfer plate. Above the specimens, a 4 in [102 mm] load
transferring plate was placed between the actuator, roller, and specimens to distribute
the load across the interface. In Figure 3.3, the hatched area corresponds to the
debonded interface area. Figure 3.4 shows the test setup elevation view, which
illustrates the reaction frame, actuator and load cell, actuator displacement transducer
(LVDT), alignment rollers, load transfer steel plates, interface load apparatus (spring
system) and corresponding load cell. Figure 3.5 shows a photograph of the test setup.

Instrumentation
Instrumentation was used to monitor the movement of the test specimens and to track
the strains of the U-bars during testing. Figure 3.6 shows the external instrumentation
for each specimen in elevation, which are listed in Table 3.1. The lateral movement of
the two L-shapes was measured to ensure the specimens were aligned during the test
(drawing labels A and B). Two string potentiometers were attached on opposite sides
of the top of the top L-shape to measure the vertical displacement with respect to the
strong floor, which served as a fixed reference. Four vertical string potentiometers and
four horizontal string potentiometers were installed on the shear interface to measure
the interface shear displacement and estimated crack width, respectively. The vertical
string potentiometers were installed 1 in. [25 mm] from and parallel to the interface.
The horizontal string potentiometers were installed 4 in. [76 mm] from and
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perpendicular to the end of the interface. In addition to the external instrumentation,
four strain gauges were placed in each specimen to estimate the internal clamping force
on the interface. Figure 3.7 shows the internal instrumentation elevation view for the
specimens. Strain gauges were placed 3 in. [76 mm] from the interface on all
reinforcing bars on one side. An additional strain gauge was added to the second
reinforcing bar 1 in. [26 mm] from the interface on the opposite side from the strain
gauges installed 3 in. [76 mm] from the interface. The strain gauges 3 in. [76 mm] away
from the interface were located under the inside 90 degree bend of the U-bar. The strain
gauges placed at 1 in. [26 mm] from the interface were located on the outside of the 90
degree bend of the U-bar.

Push-off Test Procedures
The test setup began by placing the push-off test specimen in the center of the two 4 in.
[102 mm] wide load transfer steel plates. The shear interface was aligned with the
middle of the actuator compression cylinder and the center of the load transfer steel
plates. To align the specimen with the actuator in the direction perpendicular to the
interface plane, the rollers perpendicular to the interface were adjusted by placing shims
incrementally on either side of the specimen until there was a tight fit and the specimen
was in place. After the specimen was aligned and secured by the rollers, the spring
system used to apply a load perpendicular to the interface was then engaged. The
external instrumentation was installed and internal instrumentation was connected to
the Data Acquisition System (DAQ). The top load transfer steel plates were placed and
aligned.
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The rate of loading of the specimen was set so the test could be run under quasi-static
conditions. The test was performed under displacement control. The rate of loading for
the push-off test was 0.0004 in./min [0.01016 mm/min] until the LVDT displacement
read 0.60 in. [15.24 mm]. After that, the displacement rate was then doubled to 0.0008
in./min [0.02032 mm/min] until the displacement reached 1.10 in. [27.94 mm], after
which the displacement rate was doubled again to 0.0016 in./min [0.04064 mm/min]
until the end of the test. The test was over when the 2-in. [51 mm] gap between the Lshapes was closed.

TEST RESULTS AND DISCUSSION
Material Properties of High Strength Steel
Two grades of reinforcement meeting ASTM A706 specifications, Grade 60 ksi [420
MPa] and Grade 80 [550 MPa], were used in this experimental program. Table 3.2
shows the results from tensile tests of the reinforcing steels used. The yield stress was
determined using the strain computed through the 0.2% offset method in addition to
the 0.0035 in./in. [mm/mm] strain extension under load (EUL) method, as described in
ASTM E8/E8M. Tensile strength and corresponding strain, ultimate strength, and
corresponding strain can be found in Table 3.2.

Post-Processing of Experimental Results
Lateral movement of the lower half of the specimen and the upper half of the specimen
were observed with string potentiometers and LVDTs explained in the instrumentation
section. The interface string potentiometers and the horizontal string potentiometers
measure movement on a plane. Movement of the specimen potentially influences the
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measurement as when the specimen displaces under interface shear force, the angles of
the strings change. To ensure the string potentiometers continue to measure along their
intended planes, the measured length of the string potentiometers across and
perpendicular to the interface (intended to measure crack width), Lx, was adjusted with
the following method and equation:
Lx = L * COS(T)

(11)

where L is the length read by the string potentiometer and T is the angle of the string
potentiometer wire to the intended plane. Figure 3.8 shows T with respect to Li as the
length read by the string potentiometer at the beginning of the test; Ly as the vertical
displacement from the beginning of the test measured by the vertical string
potentiometers resting on the ground. The string potentiometer that was parallel to
with the interface (intended to measure interface shear displacement) was adjusted
using the change in the Lx value with a similar method.

Push-off Tests
Test results from the push-off test specimens are presented in this section. Figure 3.9
illustrates the main outcomes reported in the tests: (i) the interface shear displacement
at maximum interface shear force, Δult; (ii) the maximum interface shear force, Vult; (iii)
the minimum sustained interface shear force, Vsus,min; (iv) the maximum sustained
interface shear force, Vsus,max; (v) the interface shear force at first bar fracture, Vb; and
(vi) the interface shear displacement at first bar fracture, Δb. Figure 3.10a and 3.10b
illustrate the interface shear force at initiation of cracking, Vcr, as it relates to the
reinforcing steel strain across the interface and the estimated crack width, respectively.
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Figure 3.11 shows the shear interface between the parameters of the maximum interface
shear force, Vult, and minimum sustained interface shear force, Vsus,min. Figure 3.12
shows the shear interface at approximately the portion of the test where the parameters
Vb and Δb were measured. Note from these figures that the interface separates and
displaces as the test progresses.

Interface Shear Force versus Interface Shear Displacement
The interface shear displacement or slip is important to understand the loaddisplacement relation of the interface and thus the overall interaction of concrete
cohesion, aggregate interlock, and dowel action. The displacement in the plane of the
interface along the direction of the application of the load was computed using the four
string potentiometers that were parallel to the shear interface. The average of the four
string potentiometers was taken as the interface shear displacement and is shown in
Figure 3.13. In general, until the peak interface shear force, approximately 0.06 in.
[1.52 mm], the interface shear force versus interface shear displacement shows mostly
a linear response. In the post-peak range, as the crack forms and becomes visible, the
interface slip exhibits a significant drop in shear force. In some specimens,
discontinuities are observed at approximately 0.1 in. [2.54 mm] after the main interface
shear force drop. The discontinuities are due to localized loss of aggregate interlock
followed by an increase in stiffness and strength as the reinforcing steel bars engage in
dowel action. During the sustained shear capacity stage, which is the segment in which
dowel action controls the response, there is a mildly positive slope due to the yielding
and strain hardening of the reinforcing steel bars. The 5G60 and 5G80 specimens show
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similar response under loading, although the 5G80 specimens show higher sustained
interface shear force and peak interface shear force.
Tables 3.3 and 3.4 show the results from the 5G60 and 5G80 specimen shear tests,
respectively. The peak interface shear stress, σult, is the peak interface shear force
divided by the area of the interface. Work done on the specimen before the first bar
fracture, Eb, was calculated as the area under the interface shear force versus interface
shear displacement curve until first bar fracture.

The interface shear displacement at the peak interface shear stress, Δult, was very similar
for both types of specimens. The mean peak interface shear stresses, σult, of the
specimens were around 85 psi [0.6 MPa] higher for the 5G80 specimens than the 5G60
specimens. The 5G80 specimens showed a higher coefficient of variation (COV) than
the 5G60 specimens for the peak interface shear force, Vu. This higher variability in the
repetitions of the 5G80 specimen results may be attributed to the interaction of the HSS
reinforcement with the concrete. However, a difference in COV of 3% is within the
inherent material variability (Mirza et al. 1979).

The minimum sustained interface shear force and the maximum sustained interface
shear force are higher for the 5G80 specimens, which is expected due to the greater
yield stress of the reinforcing bars. The greater yield stress would increase the dowel
action resistance of the interface reinforcing bars for any dowel action mode. The
initiation of cracking, Vcr, median was about 2 kip [9 kN] higher for the 5G60
specimens than the 5G80 specimens, even though the 5G80 specimens had
significantly higher peak interface shear forces. This indicates that the reinforcement
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grade had minimal effect on the initiation of concrete-concrete cohesion loss. The
interface shear force at first bar fracture was higher for the 5G80 specimens, which is
consistent with the increased maximum sustained interface shear force from the Grade
80 [550] reinforcing steel.

Work done on the specimen before first reinforcing bar fracture, Eb, for the 5G60
specimens was about 3 kip-ft [4 kJ] lower than the 5G80 specimens. This is reasonable
as the 5G80 specimens had higher peak and sustained interface shear forces. The 5G60
specimens had much more variation in the work done before the first reinforcing bar
fracture as the cov was about 15% higher than the 5G80 specimens. It is unknown why
this occurred, though it may be related to the greater material ultimate strain values of
the reinforcing steel across the interface in the 5G80 specimens. In addition, the average
of the interface shear displacement at the first reinforcing bar fracture was within 0.004
in. [0.01 mm], indicating a similar behavior. This is unexpected as the Grade 80 ksi
[550 MPa] reinforcing steel has a lower material ultimate strain than the Grade 60 ksi
[410 MPa] reinforcing steel. Local fracturing of the concrete for the higher yield steel
may be enabling a longer unrestrained length, thus allowing more stretch for the strain
limit.

Interface Shear Force versus Reinforcing Steel Strain
Figure 3.14 shows the average of the strain measured by strain gauges 3 in. [76 mm]
from the interface for the 5G60 and 5G80 specimens. As mentioned previously, the
strains can be used to estimate the contribution of the reinforcing steel bars to the
clamping force, which enhances aggregate interlock. In this figure, it can be seen that
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the initial branch to approximately 100-200 microstrain is linear. At about 140 kip
[623 kN], there is a clear change in slope, i.e. stiffness. With a shallower slope than the
initial branch, the load increases mildly until the peak interface shear force is reached.
A third branch post-peak softening branch can be seen. It is also seen that the peak
interface shear force happens after the 2760 microstrain limit for the Grade 80 ksi [550
MPa] reinforcing steel nominal yield stress.
Tables 3.5 and 3.6 show the specimen strain gauge readings at the peak interface shear
force for the 5G60 and 5G80 specimens, respectively. Strain gauges, s1-s4, correspond
to the strain gauges from the location on the shear interface closest to the actuator. For
example, s1 is the first strain gauge that is closest to the actuator and s4 is the furthest
away. For both types of specimens, s3 is the strain gauge that is located on the opposite
reinforcing bar leg 1 in. [25 mm] from the interface. All of the coefficients of variation
are higher than 10%, except for the strain gauge 1 in. [25 mm] from the interface or s3
and s1 for the 5G60 specimens.

Interface Shear Force versus Crack Width
Figure 3.15 shows the interface shear force versus crack width measured in the
direction perpendicular to the interface for all specimens. In general, the curves exhibit
a trilinear form, first until the peak interface shear force and then until cohesion loss. It
can be seen that the 5G80 specimen peak interface shear forces are sustained for a
greater interface shear displacement. This is likely due to the Grade 80 [550]
reinforcing bars having a higher yield stress than the Grade 60 [420] reinforcing bars;

56
the interface system stiffness is sustained for more of the crack width as there is more
resistance before strain hardening of the material.

CORRELATION OF TEST RESULTS TO AASHTO AND ACI EQUATIONS
Table 3.7 lists design forces computed using AASHTO (2012), which limit the design
yield stress of the steel reinforcement to 60 ksi [420 MPa]. It can be seen in Table 3.7
that codified equations provide conservative results for both the 5G60 and 5G80
specimens. In addition, Table 3.7 also lists the resistance calculations using actual
nominal 80 ksi [550 MPa] values. The surface roughness for the AASHTO (2012)
equation was interpolated between the values for 1/4 in. [3.2 mm] roughness and not
intentionally roughened. The results show that the safety factors for all specimens using
design grade values are at least 1.3.
Table 3.8 lists design values computed using with the ACI 318-11 section 17
calculations and Table 3.9 shows design values computed using equations in ACI 318
11 section 11.6.4. Note that ACI 318-11 section 17 does not limit the reinforcing steel
yield stress. In addition, ACI 318-11 section 11.6.4 only considers the reinforcing steel
contribution to the interface shear resistance and does limit the yield stress to 60 ksi
[420 MPa]. In all cases, comparison with testing results shows that the ratio of the
experimental peak interface shear resistance to the calculated interface shear resistance
to be substantially greater than one, though the ratio decreases sharply (from 2.7 to 2.0)
if the reinforcing steel is considered to be 80 ksi [550 MPa] for the 5G80 specimens.
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CONCLUSIONS
Although HSS reinforcing bars are commercially available, its use is still limited. This
research focused on assessing the performance of specimens reinforced with HSS
across the shear interface. The use of HSS has the potential to reduce the amount of
reinforcing steel to be transported, decrease construction costs, and increase
constructability. The research presented herein fills a knowledge gap by providing new
testing data on the behavior of specimens containing ASTM A706 Grade 80 [550] in a
shear friction interface connection. In total, 10 push-off specimens were tested. One set
with five push-off test specimens was constructed with ASTM A706 Grade 60 [420]
reinforcing steel and the second set of five specimens was constructed with ASTM
A706 Grade 80 [550] steel. Both sets had identical reinforcing bar layouts and the grade
of steel was the only variable.
The main conclusions that can be drawn from these test results are:
1. Specimens with #5 [#16M] Grade 80 [550] reinforcing bars across the shear
friction interface achieved higher peak interface shear forces than the specimens
with Grade 60 [420] reinforcing bars across the shear friction interface.
2. Specimens with #5 [#16M] Grade 80 [550] reinforcing bars across the shear
friction interface achieved higher sustained (post-peak) interface shear forces
than the specimens with the Grade 60 [420] reinforcing bars across the shear
friction interface.
3. For all cases for the strain gauge at 1 in. [25 mm] from the interface for the
5G80 specimens, the strain level reached the nominal strain level corresponding
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to the Grade 80 [550] reinforcing steel, but not the actual material yield strain
shown in Table 3.2. This indicates that 80 ksi [550 MPa] is approximately the
value at which the reinforcement is fully engaged. Full engagement at higher
yield strengths is not guaranteed.
4. Taking the #5 [#16M] Grade 80 ksi [550 MPa] reinforcing steel at its nominal
design value was conservative for all cases considered. Results indicate that as
long as the bars across the interface are well developed, the bars yield and the
nominal yield value of 80 ksi [550 MPA] can be used in design.
The results in this study add depth to the knowledge of HSS reinforcing bars in shear
friction applications within the bounds of the test program. Other parameters outside
of the ones studied in this paper should be evaluated to determine if they affect the
ability for HSS to engage before the peak interface shear force. Those parameters may
include reinforcing bar spacing, reinforcement ratio, reinforcing bar size, and
reinforcing bar development length.
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Table 3.1 Summary of measured observations and instrumentation
Target Measurement

Instrumentation

Drawing label

Specimen base lateral movement

4 LVDTs (horizontal)

(A)

Specimen top lateral movement

4 string pots

(B)

Specimen top vertical movement

2 string pots

(C)

Shear interface vertical movement

4 string pots

(D)

Shear interface horizontal movement

4 string pots

(E)

Applied shear load

1 load cell

(F)

Applied simulated dead load

1 load cell

(G)

Actuator displacement

1 LVDT (vertical)

(H)

Reaction frame beam displacement

1 string pot

(I)

Table 3.2 Reinforcing bar tensile test results summary

Bar
size

#5
(#16M
)
#5
(#16M
)

AST
M
A706
Grade

Yield Point
(0.2% offset)

Yield Point (0.0035
EUL)

Tensile strength
point

Ultimate strain

Stress
, ksi
(MPa)

Strain,
in./in.
(mm/mm
)

Stress
, ksi
(MPa)

Strain,
in./in.
(mm/mm
)

Stress
, ksi
(MPa)

Strain,
in./in.
(mm/mm
)

Stress
, ksi
(MPa)

Strain,
in./in.
(mm/mm
)

60
(420)

64.6
(445)

0.0043

64.3
(443)

0.0035

93.8
(647)

0.1180

67.6
(466)

0.2239

80
(550)

86.2
(594)

0.0051

85.4
(589)

0.0035

114.3
(788)

0.1066

86.8
(598)

0.1555

*Did not meet specifications
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Table 3.3 5G60 specimen shear test results
Spec

5G60-1
5G60-2
5G60-3
5G60-4
5G60-5
Mean
Median
Stdv
cov

948.8
(6542.0)
957.8
(6603.7)
963.1
(6640.2)
945.0
(6515.3)
955.4
(6587.2)
955.3
(6586.6)
955.3
(6587.2)
7.6
(52.4)

Vsus,min,
kip
(MPa)
156.5
(696.1)
162.8
(724.2)
178.3
(793.1)
154.7
(688.1)
156.6
(696.6)
161.8
(719.6)
156.6
(696.6)
9.7
(43.3)

Vsus,max,
kip
(MPa)
182.2
(810.6)
184.8
(822.0)
204.7
(910.6)
195.9
(871.4)
187.5
(834.0)
191.0
(849.7)
187.5
(834.0)
9.2
(41.0)

1%

6%

5%

(cm)

Vult, kip
(kN)

σult, ksi
(MPa)

0.06
(0.16)
0.07
(0.17)
0.07
(0.19)
0.06
(0.15)
0.06
(0.16)
0.06
(0.17)
0.06
(0.16)
0.006
(0.015)

273.3
(1215.5)
275.8
(1227.0)
277.4
(1233.8)
272.2
(1210.6)
275.2
(1224.0)
274.8
(1222.2)
275.2
(1224.0)
2.1
(9.2)

9%

1%

Δult, in

Vcr, kip
(MPa)

Vb, kip
(MPa)

Δ b, in.

143.0
(636.3)
146.5
(651.6)
141.5
(629.4)
135.2
(601.4)
144.7
(643.7)
142.2
(632.4)
143.0
(636.1)
4.3
(19.2)

180.5
(803.0)
182.4
(811.6)
201.4
(895.9)
194.6
(865.7)
184.9
(822.6)
188.8
(839.8)
184.9
(822.6)
8.9
(39.6)

1.00
(2.55)
0.84
(2.13)
0.82
(2.08)
1.15
(2.93)
1.46
(3.70)
1.05
(2.68)
1.00
(2.55)
0.26
(0.67)

Eb,
kip-ft
(kJ)
15.2
(20.6)
13.2
(17.9)
14.4
(19.5)
17.7
(24.0)
22.2
(30.1)
16.5
(22.4)
15.2
(20.6)
3.6
(4.8)

1%

5%

25%

22%

(cm)

Table 3.4 5G80 specimen shear test results
Spec

5G80-1
5G80-2
5G80-3
5G80-4
5G80-5
Mean
Median
Stdv
cov

1047.6
(7222.9)
1061.4
(7317.9)
1084.8
(7479.3)
981.4
(6766.9)
1032.1
(7115.9)
1039.9
(7170.0)
1047.6
(7222.9)
44.5
(307.1)

Vsus,min,
kip
(MPa)
192.8
(857.6)
195.9
(871.4)
201.0
(894.0)
197.6
(879.0)
187.3
(833.2)
194.9
(867.0)
195.9
(871.4)
5.19
(23.08)

Vsus,max,
kip
(MPa)
218.8
(973.3)
211.3
(939.9)
215.6
(959.0)
207.0
(920.8)
215.0
(956.4)
213.5
(949.9)
215.0
(956.4)
4.5
(20.1)

4%

3%

2%

(cm)

Vult, kip
(kN)

σult, ksi
(MPa)

0.07
(0.18)
0.07
(0.17)
0.06
(0.17)
0.06
(0.15)
0.07
(0.19)
0.07
(0.17)
0.07
(0.17)
0.006
(0.016)

301.7
(1342.1)
305.7
(1359.7)
312.4
(1389.7)
282.7
(1257.3)
297.2
(1322.2)
299.9
(1334.2)
301.7
(1342.0)
11.1
(49.612)

9%

4%

Δult, in

Vcr, kip
(MPa)

Vb, kip
(MPa)

Δ b, in.

(cm)

Eb, kipft (kJ)

145.1
(645.4)
150.7
(670.4)
148.2
(659.2)
138.7
(617.0)
135.9
(604.5)
143.7
(639.3)
145.1
(645.4)
6.2
(27.9)

214.8
(955.3)
202.1
(899.0)
215.6
(959.0)
198.1
(881.3)
203.3
(904.1)
206.8
(919.8)
203.3
(904.1)
7.9
(35.2)

1.18
(2.99)
1.00
(2.53)
1.00
(2.55)
1.01
(2.56)
1.10
(2.80)
1.06
(2.69)
1.01
(2.56)
0.08
(0.20)

21.6
(29.2)
18.4
(25.0)
19.2
(26.0)
18.5
(25.0)
19.8
(26.9)
19.5
(26.4)
19.2
(26.0)
1.3
(1.7)

2%

4%

8%

7%

*Trial test. Post peak values not available.
**Accidentally tested at higher strain rate. Δult value not analyzed statistically.
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Table 3.5 5G60 specimen strain gauge readings at peak interface shear force
Specimen

s1, in./in. (mm/mm)

s2, in./in. (mm/mm)

s3, in./in. (mm/mm)

s4, in./in. (mm/mm)

5G60-1

0.00549

0.00725

0.00233

0.00393

5G60-2

0.00595

0.00685

0.00255

0.00470

5G60-3

0.00536

0.00522

0.00290

0.00498

5G60-4

0.00577

0.00585

0.00274

0.00360

5G60-5

0.00561

0.00710

0.00233

0.00501

Mean

0.00564

0.00620

0.00257

0.00444

Median

0.00561

0.00585

0.00255

0.00470

Stdv

0.00023

0.00083

0.00025

0.00064

cov

4%

13%

10%

14%
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Table 3.6 5G80 specimen strain gauge readings at peak interface shear force
Specimen

s1, in./in. (mm/mm)

s2, in./in. (mm/mm)

s3, in./in. (mm/mm)

s4, in./in. (mm/mm)

5G80-1

0.00452

0.00461

0.00272

0.00357

5G80-2

0.00332

0.00569

0.00252

0.00330

5G80-3

0.00504

0.00526

0.00279

0.00314

5G80-4

0.00485

0.00593

0.00287

0.00340

5G80-5

0.00379

0.00350

0.00282

0.00264

Mean

0.00430

0.00500

0.00274

0.00321

Median

0.00561

0.00585

0.00274

0.00470

Stdv

0.00073

0.00098

0.00014

0.00035

cov

17%

20%

5%

11%

Table 3.7 Comparison to (AASHTO 2012) section 5.8.4.1
fy = 60 ksi [420 MPa]
Set

fy (nominal)

Vu, kips (kN)
Vn, kips (kN)

Vu/Vn

Vn, kips (kN)

Vu/Vn

5G80

299.9 (1334.0)

135.6 (603.2)

2.21

165.4 (735.7)

1.81

5G60

274.8 (1222.4)

135.6 (603.2)

2.03

135.6 (603.2)

2.03

Table 3.8 Comparison to ACI 318-11 section 17
fy (nominal)

Set

Vu, kips (kN)

Vn, kips (kN)

Vu/Vn

5G80

299.9 (1334.2)

144.0 (640.5)

2.08

5G60

274.8 (1222.2)

141.8 (630.8)

1.94

Table 3.9 Comparison to ACI 318-11 section 11.6.4
fy = 60 ksi [420 MPa]

fy (nominal)

Set

Vu, kips (kN)

Vn, kips (kN)

Vu/Vn

Vn, kips (kN)

Vu/Vn

5G80

299.9 (1334.2)

111.6 (496.4)

2.69

148.8 (661.9)

2.02

5G60

274.8 (1222.2)

111.6 (496.4)

2.46

111.6 (496.4)

2.46
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(a)

(b)

Figure 3.1 Mode II shear friction analogy with reinforcement: (a) pre-cracking mode,
(b) after initiation of slip (adapted from Birkeland and Birkeland (1966))

(a)

(b)

Figure 3.2 Simplified elevation schematic of push-off test specimen to show side 2
(top), side 1 (bottom), reinforcing steel bars, and shear interface: (a) longitudinal
section, (b) transverse section
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(a)

(b)

Figure 3.3 Test elevations for the specimens: (a) Front view elevation, (b) side view
elevation

Figure 3.4 Test setup elevation view
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Figure 3.5 Photograph of specimen during testing

(a)

(b)

Figure 3.6 External instrumentation elevation for the specimens containing #5
[#16M] reinforcing bars across the interface: (a) Front view elevation, (b) side view
elevation
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Figure 3.7 Internal instrumentation elevation

Figure 3.8: Horizontal interface string potentiometer correction
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Δult,Vult
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Δb, Vb

Vsus,min

Interface Shear Displacement, [L]

Figure 3.9 Illustration of test result outcomes

(b)
Interface Shear Force, [F]

Interface Shear Force, [F]

(a)

Vcr

Reinforcing Steel Strain, [L]/[L]

(a)

Vcr

Crack Width, [L]

(b)

Figure 3.10 Initiation of cracking definition: (a) Interface shear force versus
reinforcing steel strain and (b) interface shear force versus crack width
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Figure 3.11 Shear interface corresponding to the test portion between parameters Vult
and Vsus,min

Figure 3.12 Shear interface at test portion approximately corresponding to parameters
Vb and Δb

72

0.0
350

5.0

Interface Shear Displacement, mm
10.0
15.0

20.0

Interface Shear Force, kip

300

1350

275

1200

250

Specimen
5G60-1
5G60-2
5G60-3
5G60-4
5G60-5
5G80-1
5G80-2
5G80-3
5G80-4
5G80-5

225
200
175
150
125
100
75
50

1050
900
750
600
450

Interface Shear Force, kN

1500

325

300
150

25
0
0

0.2

0
0.8

0.4
0.6
Interface Shear Displacement, in.

Figure 3.13 Interface shear force versus interface shear displacement for tested
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Chapter 4

GENERAL CONCLUSION

Twenty push-off test specimens were tested to better understand the performance of
concrete shear friction interfaces containing HSS reinforcing bars across the concrete
shear interface. Shear friction interface design is widely used in reinforced concrete
design. Examples of applications include the connection between a composite girder
and deck, interface between a corbel and a column, and the base of a shear key. More
research is being done on using HSS in concrete structural members, such as in concrete
columns for highway bridges (Trejo et al. 2014). HSS is commercially available today
though its use is still limited. Using Grade 80 [550] reinforcement could reduce
construction costs and reinforcement congestion, which would enable designers to
increase bridge and building economy. The research presented herein fills a knowledge
gap by providing new testing data on the behavior of ASTM A706 Grade 80 [550] in a
shear friction interface connection.
The general conclusions that can be drawn from the test results are:
1.

The reinforcement parameter proved to be an important factor, which is not
currently explicitly considered in the design equations, since the nominal
stress values used for design are currently limited to 60 ksi [420 MPa].

2.

The increase in shear capacity of specimens with Grade 80 was observed.
However, the results were not consistent across bar sizes. The specimens
containing #5 [#16M] reinforcing bars across the interface constructed with
Grade 80 ksi [550 MPa] reinforcing bars across the shear friction interface
achieved significantly higher peak interface shear forces than the specimens
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with Grade 60 [420] reinforcing bars across the shear friction interface.
However, for the specimens containing #4 [#13M] reinforcing bars across
the interface, the type with Grade 80 ksi [550 MPa] reinforcing bars across
the shear friction interface showed no significant change in peak interface
shear resistance.
3.

All specimens with Grade 80 [550] reinforcing bars across the shear friction
interface achieved higher sustained interface shear force than the specimens
with the Grade 60 ksi [420 MPa] reinforcing bars across the shear friction
interface, which is a clear evidence that greater loads were developed due
to dowel action when the higher strength steel is used.

4.

For the specimens containing #4 [#13M] reinforcing bars across the
interface, the strain gauges at 1 in. [25 mm] from the interface did not reach
the strain level corresponding to the 60 ksi [420 MPa] nominal stress. The
strain level reached corresponded to about 45 ksi [310 MPa]

5.

For the specimens containing #5 (#16M) reinforcing bars across the
interface, taking the Grade 80 ksi [550 MPa] reinforcing steel at its nominal
design value was conservative for all cases considered. In other words, the
strain level reached the nominal strain level corresponding to the Grade 80
[550] reinforcing steel, but not the actual material yield strain.

6.

The current design equations in AASHTO (2012) and ACI (2011) showed
greater safety factors for the high strength steel reinforcement than for the
conventional reinforcement. For the high strength steel, the factors in
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AASHTO (2012) range from 1.50 to 2.25, when nominal HSS yield stress
is considered or not, respectively, while ACI equations provide safety
factors that are all in excess of 1.43. Specifically, ACI 318 section 11.6.4
provides safety factors in excess of 1.87.
Shear transfer across concrete-concrete interfaces is a complex phenomenon. Older
models assumed that the clamping force could be estimated using the full yield stress
of the bars. However, as shown in this testing program, bar size seems to play a role
and development length and bond are also important parameters. In summary, a
reinforcement parameter should be explicitly considered in design. Such a proposal is
in order, but further analyses of the results in from this thesis are on-going. Other
parameters outside of the ones studied in this paper should be evaluated to determine
if they affect the ability for HSS to engage before the peak interface shear force. Those
parameters may include reinforcing bar spacing, reinforcement ratio, reinforcing bar
size, and reinforcing bar development length. Studying these parameters may enable
design specifications that allow the use of high strength reinforcing bars in concrete
shear friction connections.
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