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Shear Behavior of Exterior Non-Isolated Shear Keys in

Bridge Abutments

by Alexandra Kottari, P. Benson Shing, and Ron Bromenschenkel

Exterior shear keys are used in bridge abutments to provide lateral
restraints to the bridge superstructure under normal service loads
and moderate earthquake forces. They also serve as a structural
fuse to protect the abutment piles from damage in the event of a
major earthquake. These shear keys are conventionally constructed
monolithic with the stem walls in bridge abutments and are referred
to as non-isolated shear keys. Past experimental data have shown
that the failure of these shear keys under lateral seismic forces
tends to be governed by diagonal shear cracks in the stem walls.
This type of failure can be sudden, resulting in non-ductile behavior
and costly post-earthquake repairs. This paper presents a design
method that prevents the diagonal shear failure of the stem wall
and allows for a more predictable failure mechanism governed
by the horizontal sliding of the shear key. Analytical formulas are
presented for design. The design method has been validated by the
tests of three shear key-stem wall assemblies.

Keywords: bridge abutment; concrete cracks; diagonal cracks; monolithic;
non-isolated; shear keys; shear sliding.

INTRODUCTION

Exterior shear keys are used in bridge abutments to restrain
the displacement of the bridge superstructure with respect to
the abutment wall for service loads as well as lateral forces
generated by small to moderate earthquakes. They also
function as a structural fuse to protect the abutment piles
from damage in the event of a major earthquake. Saiidi
et al. (2001) showed in an analytical study that abutment
shear keys should be designed to fail under moderate ground
motions. This would allow the lateral seismic forces to be
distributed uniformly among the columns as long as their
heights are uniform. Hence, an accurate estimation of the
load resistance of a shear key is important for the design of
a bridge against seismic actions. Shear keys are commonly
cast together with the stem wall of the bridge abutment to
form a monolithic structure. This type of shear key is referred
to as a non-isolated shear key. Figure 1(a) shows a schematic
of a shear key and stem wall assembly. Figure 2(a) shows a
shear key failure during the 2008 Wenchuan Earthquake in
China, which was accompanied by a retaining wall damage
as a result of the shear-key overstrength (Han et al. 2017).
The shear key in Fig. 2(b) failed during the 2010 Maule
Earthquake in Chile, resulting in a significant residual
lateral displacement of the bridge girder (EERI/PEER/
FHWA 2010).

Past experimental studies (Borzogzadeh et al. 2006; Bauer
2006; Megally et al. 2001) have shown that the failure of
a non-isolated shear key under lateral seismic forces trans-
mitted by the bridge superstructure tends to be governed by
diagonal shear cracks developed in the abutment stem wall,
as that shown in Fig. 1(b). The repair of such damage could
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be time-consuming and costly. This was largely owing to the
lack of reliable design methods and appropriate detailing to
control the failure behavior.

In recent years, isolated shear keys have been used as an
alternative to non-isolated shear keys (Caltrans 2019). The
shear key is isolated from the abutment stem wall with a
construction joint and connected to the wall with vertical
dowel bars only. This can limit the damage repair to a hori-
zontal sliding plane under the shear key. However, isolated
shear keys demand a higher construction cost because of the
additional preparation needed for the construction joints and
the separate concrete pour for the shear keys. Typical design
configurations of isolated and non-isolated shear keys used
by Caltrans (2019) are shown in Fig. 3.

To have non-isolated shear keys behave in the same way as
isolated shear keys, a design method has been developed and
investigated in this study. This entails reducing the number
of vertical bars joining the shear key and the abutment stem
wall, and providing sufficient shear reinforcement to prevent
the diagonal shear failure of the stem wall so that a hori-
zontal failure plane to develop under the shear key when the
load limit state is reached. To this end, reliable analytical
formulas are needed to calculate the diagonal shear resis-
tance of an abutment stem wall and the shear resistance of
a non-isolated shear key governed by a horizontal crack.
This paper presents analytical formulas developed in a
recent study for this purpose and an experimental study to
validate the formulas and provide a good understanding of
the behavior of such shear keys under lateral loading. The
experimental study consisted of laboratory testing of three-
scale models of a shear key-stem wall assembly. The exper-
imental data obtained by Megally et al. (2001) and Borzo-
gzadeh et al. (2006) have also been used to evaluate the
formula proposed for calculating the diagonal shear strength
of stem walls. Each of the three test specimens had one stem
wall and two shear keys, representing a 2/5-scale model of
a seat-type abutment wall assembly. The shear keys had two
geometric configurations, two different amounts of vertical
reinforcement connecting the shear keys to the stem walls,
and two different concrete strengths.

RESEARCH SIGNIFICANCE
The experimental data and analytical method presented
in this paper may improve the design and construction
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Fig. I—(a) Schematic of bridge abutment structure with shear keys, and (b) failure of Shear Key 1B tested by Megally et al.
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Fig. 2—Shear key failures in past earthquake events: (a) 2008 Wenchuan Earthquake, China (from Han et al. 2017); and
(b) 2010 Maule Earthquake, Chile (from EERI/PEER/FHWA Report 2010).
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Fig. 3—Non-isolated (left) and isolated (right) shear keys (Caltrans 2019). (Note: 1 in. = 25.4 mm.)

of exterior non-isolated shear keys in bridge abutments.
Non-isolated shear keys are more economical to construct
than isolated shear keys but they may not exhibit a favorable
failure mechanism in the event of a major earthquake. The
analytical formulas proposed herein are able to assess the
diagonal shear strength of an abutment stem wall and the
shear resistance of a non-isolated shear key in an accurate
manner, and can be used to design shear keys and abutment
walls that exhibit a failure mechanism governed by a hori-
zontal crack plane under the shear key rather than the diag-
onal shear failure of the stem wall. A horizonal shear crack
is less costly to repair.
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ANALYTICAL METHOD FOR SHEAR KEY DESIGN

Figure 4 shows a typical reinforcement scheme in a
non-isolated shear key and abutment stem wall. Shear
reinforcement is introduced near the top of a stem wall to
provide the necessary diagonal shear resistance. Side rein-
forcement is placed on each side of a stem wall, lapped with
U bars at each end. The vertical bars connecting a shear key
to the stem wall can be the continuation of the vertical side
reinforcement. Depending on the reinforcement details, the
load capacity of a shear key can be governed by one of two
possible failure mechanisms. One mechanism is the diag-
onal shear failure of the stem wall, as that shown in Fig. 1(b),
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and the other is the development of a horizontal shear crack
under the shear key. The latter is preferred from the cost-
of-repair standpoint. To have shear keys reinforced properly
so that they exhibit the desired failure mechanism when
reaching the load capacity, it is important to have a reliable
formula to calculate the resistance associated with each of
the aforementioned failure mechanisms. Formulas proposed
herein for this purpose are presented as follows.

Resistance governed by diagonal shear strength
of stem walls

Megally et al. (2001) proposed a strut-and-tie model to
calculate the diagonal shear strength of a stem wall. This
method considers that the shear strength of a stem wall
consists of the resistance provided by the concrete and
that by the steel. For the former, a formula similar to that
provided in ACI 318 (ACI Committee 318 2011) for calcu-
lating the shear strength of concrete was proposed. The shear
resistance provided by the steel is based on the resisting
moment developed by the vertical and horizontal reinforce-
ment in the stem wall, shown in Fig. 5(a). While this model
was validated by test data, it ignores the resisting moment of
the vertical component of the force applied to the inclined
surface of a shear key and the equilibrium of forces in the
horizontal direction. In a recent study, Han et al. (2017) have
modified the strut-and-tie model of Megally et al. (2001) by

—
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Fig. 4—Typical reinforcement scheme in shear key-abutment
stem wall assembly.
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ignoring the contribution of the vertical reinforcement based
on their experimental observations.

To overcome the aforementioned drawbacks, a new
formula has been derived in this study. This formula is based
on the equilibrium of the free body shown in Fig. 5(b), which
consists of a shear key and a portion of the stem wall that
is separated from the rest of the wall by a diagonal crack.
The external load applied to the shear key has a horizontal
component, V,,, and a vertical component P,,. In construc-
tion, an expansion joint filler is placed between a shear key
and the bridge girder, as shown in Fig. 3 (Caltrans 2019).
The expansion joint filler has low friction. Therefore, the
friction on the inclined surface of the shear key is assumed to
be zero in the following derivations. Hence, the load exerted
by the girder on the shear key can be assumed to be perpen-
dicular to the inclined surface, and V,, and P,, are related by
the following relation

P, =V, tanB (1)

in which f is the angle of the inclined face with respect to
a vertical plane. The vertical load comes from the weight
of the bridge girder and could be partly provided by the
axial restraint of the columns as the girder slides up on the
inclined surface of the shear key. Vertical ground motion
could increase or decrease the vertical force. However, in the
following derivation, we assume the situation that the bridge
system can exert sufficient vertical compressive load to reach
the capacity of the stem wall or the shear key. Otherwise,
no stem wall or shear key failure will occur, and the lateral
restraining force on the bridge girder will be limited by the
vertical compressive load according to Eq. (1). The length of
the area in compression at the toe of the free body is denoted
by .. We assume that the compressive stress in this region
is uniform and equal to 0.85f., where /.’ is the compressive
strength of the concrete. The horizontal and vertical forces
developed in the compression area are denoted by V.and C,,
respectively. The vertical force is thus calculated as

A
A 4

Diagonal crack

b)

Fig. 5—Free-body diagram for diagonal shear resistance calculation: (a) from Megally et al. (2001); and (b) proposed method.
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C. = 0.85f/da, )

in which d is the width of the shear key. Vertical bars located
in the compression zone are considered to have reached their
yield strength in compression.

Based on the moment equilibrium of the free body shown
in Fig. 5(b) about Point A and Eq. (1), one can calculate the
horizontal resistance of the shear key, V,,, as follows

#hor. bars #vert. bars #hor. shear bars
E,lL,+ ¥ F, /0, -C-0-05+ ¥ F_ I
y o= Jj=1 1=1

h-L-tanp

3)

in which F;;, and F;, are the forces developed in a horizontal
side reinforcing bar i and vertical side reinforcing bar j near
the two faces of the stem wall, and F' is the force developed
in a horizontal bar ¢ near the top of the stem wall, which
serves as shear reinforcement; /;, is the vertical distance of
horizontal bar 7, ;, is the horizontal distance of vertical bar
J, and [/, is the vertical distance of horizontal bar ¢, all with
respect to Point A. Based on observations from the exper-
imental studies of Borzogzadeh et al. (2006), we consider
that the horizontal shear reinforcement of the stem wall has
reached the ultimate tensile strength, f;,, while the vertical
and horizontal side reinforcement has reached the yield
strength, f,. It should be noted that the horizontal side rein-
forcing bars near the level of Point A may not have a suffi-
cient development length to develop the full tensile strength
of the bars, while the upper ones may develop strain hard-
ening. However, for simplicity, we assume that all the hori-
zontal side reinforcement reaches the yield strength when the
maximum lateral strength of the shear key has been reached.
Because the value of o, is normally very small, the term with
C. in the aforementioned equation can be ignored. Based on
the test data acquired in this study, as it will be discussed
later, it is suggested that the value of tanf in Eq. (3) be not
less than 0.15, regardless of the actual angle of inclination of
the loaded face of the shear key.

Based on the test results of Megally et al. (2001) and
Borzogzadeh et al. (2006), one can assume that the diagonal
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crack plane has an angle of 52 degrees with respect to the
horizontal. Point A, the center of rotation of the free body,
is at the intersection of the diagonal crack plane with the
vertical edge of the stem wall. In the aforementioned tests,
Point A was practically at the base of the stem wall.

We have validated this method with the experimental data
of Megally et al. (2001) and Borzogzadeh et al. (20006), as
shown in a later section of this paper.

Sliding shear resistance

Different analytical methods were proposed for the
determination of shear transfer in reinforced concrete.
Loov (1998) proposed a shear friction theory, Mattock
(1974) proposed a shear friction model for initially cracked
concrete and a strut model for initially uncracked concrete,
and Walraven and Reinhardt (1981) proposed an aggregate
interlock law for shear transfer in cracked concrete. The
method proposed herein is simple and can be easily used in
design practice. As shown in Fig. 6(a), it is assumed that the
shear resistance consists of a cohesive force 7 and a friction
force along the horizontal sliding plane. The shear key may
experience a rotation due to the overturning moment exerted
by the applied lateral force, causing the opening of the hori-
zontal crack and the tensile yielding of the vertical dowel
bars connecting the shear key to the stem wall. It is assumed
that all the vertical bars crossing the sliding plane reach the
yield strength and develop a clamping force F; on the sliding
surface. Figure 6(b) shows these forces in the free-body
diagram of the shear key with part of the stem wall, which is
separated from the rest of the wall by a horizontal crack. The
frictional resistance along the sliding plane is governed by
the coefficient of friction p; the clamping force F, and the
vertical component Py, of the external load exerted on the
shear key, which is related to the total horizontal shear resis-
tance V4 by Eq. (1)—that is, Py = Vyistanp. The clamping
force is calculated considering all the dowel bars at the shear
plane. Considering the equilibrium of forces acting on the
free body in the horizontal and vertical directions, the shear
resistance is given by the following equation

ACI Structural Journal/March 2020
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Fig. 7—Elevation view of design details for Specimens 8 and 10 (width = 16.75 in.; 1 in. = 25.4 mm).

_ T+u, K
Vslid - (1—Hf -tan B)

The friction coefficient py is assumed to be 1.40 per
ACIT 318 for concrete placed monolithically. Similar to that
in Eq. (3), the value of tanf should not be less than 0.15,
regardless of the actual angle of inclination. For the cohe-
sive force of concrete, 7, the following formula proposed
by Bazant and Pfeiffer (1986) based on data from a large
number of Mode-II fracture tests can be used

(4)

T=c-d-l
o 0.15- 1 (5)
J0.0099- X +0.3659

in which c is the cohesive strength of concrete in ksi; and
d and [ are the dimensions of the contact surface in inches,
with / being measured in the direction of loading. Param-
eter X is calculated from the following equation proposed by
Bazant and Pfeiffer (1986)

1.50-/
X= 6
” (©)

a

in which d, is the maximum aggregate size in inches. The
horizontal crack opening and the rotation of the shear key
occur before the shear strength has been reached, as shown
by the tests described as follows. Therefore, the contact area
that provides the cohesive force is much less than the base
area of the shear key right above the stem wall. Hence, the
value of / is recommended to be 1/4 the base length of the
shear key in the direction of load application.

EXPERIMENTAL STUDY
Three shear key-stem wall assemblies were constructed
and tested to investigate if shear keys and abutment stem
walls could be so reinforced to prohibit diagonal shear cracks
in the stem wall and achieve a failure mechanism dominated
by a horizontal crack plane under the shear key. The test data
were used to calibrate and evaluate the analytical formulas
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presented in the previous section. The specimens represented
a 2/5-scale model of a selected bridge abutment, having the
same scale and configuration as those tested by Megally et
al. (2001) and Borzogzadeh et al. (2006). The three speci-
mens are identified as Specimens 8, 9, and 10. They were
designed with the formulas presented in the previous section
but with the contact length / assumed to be equal to the full
base length of the shear key, which overpredicted the shear
strength of the shear keys as the test results would show.

The design of Specimens 8 and 10 is shown in Fig. 7.
All specimens had a width of 16.75 in. Each specimen
consisted of two shear keys. One had an inclined face (shear
key Type “A”) and the other (shear key Type “B”) had a
vertical face, as shown in the figure. In California, exterior
shear keys typically have an inclined face on the interior side
because of the configuration of typical box girders. Even
though not as common, shear keys with a vertical face on
the interior side are also used and they were tested herein as
an additional parameter. Specimens 8 and 10 had the same
amount of reinforcement and reinforcing details but different
concrete strengths. Specimen 9 had the same amount of
horizontal shear reinforcement in the stem wall and same
concrete strength as Specimen 8, but it had an increased
amount of vertical dowel bars for the shear keys. Specimens
8 and 9 had a target concrete compressive strength of 4 ksi,
while Specimen 10 had a target concrete strength of 6 ksi.
Grade 60 steel was used.

The shear keys were cast together with the stem wall. To
prohibit the diagonal shear failure in the stem wall, eight
No. 8, Grade 60 headed bars were placed at the top of the
stem wall in two rows with 5.0 in. center-to-center spacing
in the vertical direction, as shown in Fig. 7. Side reinforce-
ment, consisting of No. 3 bars, was placed near both faces of
the stem wall and shear keys for temperature and shrinkage
control, according to the AASHTO LRFD Specifications
(AASHTO 2012). The reinforcement was placed horizon-
tally and vertically at a center-to-center spacing of 4.0 and
4.5 in., respectively.

For Shear Keys 8B and 10B, which had a vertical face on
the interior side, six out of the 10 vertical side-reinforcing
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Table 1—Measured strengths of reinforcing bars for Specimens 8, 9, and 10

Bar size Yield strength, f;, (ksi) Tensile strength, f;, (ksi)
Vertical and horizontal side reinforcement of stem wall No. 3 67 (Spemmen 8 104
67 (Specimens 9 and 10)
. . 70 (Specimen 8) 94 (Specimen 8)
Horizontal shear reinforcement of stem wall No. 8 68 (Specimens 9 and 10) 89 (Specimens 9 and 10)

Fig. 8—Test setup: (a) north end; and (b) south end.

bars in the shear keys were used as dowels, continuing from
the shear keys into the stem walls, while the rest was discon-
tinued at the shear key-stem wall interface. For Shear Keys
8A and 10A, which had an inclined face on the interior side,
four out of the eight vertical side reinforcing bars in the
shear keys were used as dowels. Two additional No. 3 dowel
bars were placed near and parallel to the inclined face of the
shear keys.

Specimen 9 had the same design as Specimens 8§ and 10,
except that all the vertical side reinforcement continued
into the stem wall. This resulted in a higher shear capacity.
However, their shear resistance was still governed by
a horizontal crack under the shear keys according to
the calculations.

The strengths of the reinforcing bars from tension tests
are summarized in Table 1. The compressive strength of the
concrete on the day of the tests for Specimens 8§, 9, and 10
reached 4.71, 5.10, and 6.74 ksi, respectively.

TEST SETUP

The test setup was similar to that used by Megally et al.
(2001) and Borzogzadeh et al. (2006). The specimen was
secured to the strong floor with 10 post-tensioned rods. The
load was applied to the shear keys with a steel loading beam,
as shown in Fig. 8, which was connected to two 220 kip load
capacity, 48 in. stroke, actuators. The steel loading beam had
inclined loading faces at both ends. A concrete block with
a vertical loading face was added to one end of the beam
to accommodate the shear key with a vertical face. A pad
of joint filler material typically used in bridge construc-
tion was placed between the shear key surface and the end
of the loading beam. As shown in Fig. 8, two hold-down
frames, assembled with hollow steel sections, were used to
restrain the loading beam from moving upward. Each frame
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was secured to the strong floor by two rods, with one inside
each hollow steel column. The rods were hand-tightened so
that the initial strain was negligible. The friction between
the loading beam and the hold-down frames was minimized
with the use of polytetrafluoroethylene (PTFE) bearings
and grease.

Additionally, to reduce the friction between the loading
beam and the shear key, a piece of 8 x 16.75 x 0.5 in. joint
filler satisfying ASTM 1751 was placed against the loaded
face of the shear key. This type of joint filler contains strips
of fibers saturated with asphalt and is commonly used to fill
gaps in bridge abutments.

INSTRUMENTATION OF TEST SPECIMENS

The specimens were instrumented to monitor the strains in
the reinforcing bars and the deformation of the specimens.
Electrical resistance strain gauges were attached to the
vertical and horizontal reinforcing bars. The typical loca-
tions of the strain gauges are shown in Fig. 9 for Specimen
8 (the same for Specimen 10). The strain gauge numbers are
preceded by an S and the locations are typical of all the spec-
imens tested.

The positions of the strain gauges were selected to measure
strains in the bars at the potential locations of main cracks
in the stem wall. These cracks included the horizontal crack
between the shear keys and the stem wall, as well as possible
diagonal cracks developing in the stem wall.

In addition, linear potentiometers were installed external
to the specimen to measure the horizontal displacements
along the height of each shear key, as well as the possible
uplift of the shear keys with respect to the stem walls.
Two string potentiometers were used to measure the hori-
zontal displacement of the loading beam, and a tilt meter
was attached to each of the shear keys to measure in-plane

ACI Structural Journal/March 2020
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rotation. The strain in each of the vertical post-tensioned
bars for the hold-down steel frames was monitored with a
strain gauge. These strain readings were used to calculate the
vertical reaction force exerted on the shear key through the
loading beam. The positions and numbering of the external
transducers for Specimen 8 are shown in Fig. 10, and are
typical of all the specimens tested. In Fig. 10, the linear
potentiometer numbers are preceded by an L, while those
of the string potentiometers and tilt meters are preceded by
SP and TM, respectively. The strain gauges on the vertical
post-tensioned bars are denoted by SV.

ACI Structural Journal/March 2020

TEST RESULTS

The shear keys were first loaded with the hydraulic actua-
tors in load control to have an accurate control of load incre-
ments in the elastic response regime, in which the displace-
ment was very small. After a target load was attained, at
which some damage was expected to develop in the spec-
imen, the hydraulic actors were switched to displacement
control. The shear keys were unloaded multiple times
during the force control and displacement control phases to
obtain the unloading stiffness. All the shear keys displayed a
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similar behavior, which can be separated into the following
five stages:

Stage I: First crack was observed on the stem wall. As
shown in Fig. 11(a) for Specimen 8§, the first crack was
observed on the stem wall on both sides of the shear key.
The crack initiated at the corner of the loaded face of the
shear key and propagated diagonally towards the toe of the
stem wall.

Stage II: Additional diagonal cracks formed below the
shear key and propagated with a smaller inclination. As the
load increased, additional diagonal cracks formed on the
stem wall below the shear key. The angle of these diagonal
cracks with respect to the horizontal was smaller than that of
the first diagonal crack, as shown in Fig. 11(b).

232

Stage I1I: Additional diagonal cracks formed on the stem
wall, away from the shear key. Diagonal cracks initiated at
the top of the stem wall away from the loaded face of the
shear key, as shown in Fig. 11(c). The width of these cracks
remained small throughout the test.

Stage 1V: Sliding plane formed and maximum resistance
was reached. As shown in Fig. 11(d), a steep diagonal crack
formed at the free end of the shear key behind the heads of the
horizontal shear reinforcement in the stem wall. The cracks
below the shear key joined together and formed a horizontal
shear plane. The shear plane was located right above the top
horizontal shear reinforcement in the stem wall. The shear
plane continued with an increased slope towards the free end
of the shear key and joined the diagonal crack, which opened
exposing the heads of the horizontal shear reinforcement

ACI Structural Journal/March 2020



a) Damage Stage I: first diagonal crack
observed at 50 kips/222 kN (east face of
Shear Key 8A)

b) Damage Stage II: change in the direction of
crack propagation at 110 kips/489 kN (west face

of Shear Key 8A)

c) Damage Stage III: more diagonal cracks
formed at 130 kips/578 kN (east face of
Shear Key 8A at 130-kip load)

d) Damage Stage I'V: sliding shear plane formed
at 286 kips/1272 kN (east face of shear key 8A)

horizontal headed

e) Crack surface on stem wall after removing Shear Key 8A

Fig. 11—Progression of damage during tests and stem wall surface after test.

in the stem wall. Soon after the maximum resistance was
observed, a drop in the horizontal load resistance occurred
and the shear keys started to slide.

Stage V: Vertical dowel bars fractured. The vertical dowel
bars started to fracture progressively, leading to sudden
drops of the horizontal resistance at different displacements
levels. Most of the vertical dowel bars fractured at the end
of the tests, especially those close to the loaded side of the
shear key. In some cases, the vertical dowel bars at the exte-
rior side did not fracture. After each test, the shear key was
removed from the stem wall and the horizontal crack surface
was inspected, as shown in Fig. 11(a) for Shear Key 8A.
This surface condition was representative of all the shear
keys inspected.

The horizontal load resistance of the shear keys is plotted
against their horizontal displacement in Fig. 12. The displace-
ment reported is based on the average of the readings of the
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displacement transducers L7 and L8 for Shear Keys 8A, 9A,
10A, and of displacement transducers L20 and L21 for the
other shear keys. The locations of the transducers are shown
in Fig. 10. Table 2 shows the loads at which the aforemen-
tioned damage stages occurred. The main events are also
shown in the load-displacement plots in Fig. 12.

Crack width measurements

The width of the cracks developed at the corner of the
loaded face of the shear keys was monitored periodically
during the tests. The width of the crack at the corner of Shear
Key 8A was measured to be 1.8 to 2.0 mm at the west face of
the specimen at an imposed load of 130 kip. This crack was
the major crack developed during the test and continued to
open to approximately 3.5 mm at a load of 230 kip. In Shear
Key 8B, multiple parallel inclined cracks had formed at the
bottom of the shear key with a similar width of approxi-
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Table 2—Loads levels at different damage states for Specimens 8, 9, and 10

Shear key
Damage state 8A 8B 9A 9B 10A 10B
50 kip east face . . . 36 kip east face .
Stage [ . 50 ki 30 ki 50 ki . 50 ki
g 70 kip west face P P P 52 kip west face P
Stage 11 110 kip 93 kip 110 kip 110 kip 108 kip 140 kip
Stage 111 130 kip 132 kip 110 kip 110 kip 144 kip 190 kip
Stage IV 286 kip 198 kip 336 kip 316 kip 340 kip 250 kip
Ratio of load at first crack to ultimate 0.17 0.25 0.10 0.16 0.11 0.2
Displacement (mm) Displacement (mm)
o 20 40 60 80 100 o 10 20 30 40 50 60 70 80
300 200
© First diagonal crack © First diagonal crack
- = First horizontal crack 1200 - e ® First horizontal crack 800 .
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S w S 8 o w8
= =l =} =
5 s} 5 20 S
T so 200 T £ =
20 100
0 o 0 0
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 0.00 0.50 1.00 1.50 2.00 250 3.00 3.50
Displacement (in.) Displacement (in.)
Shear Key 8A Shear Key 8B
Displacement (mm) Displacement (mm)
0 20 40 60 80 100 120 140 0 20 40 60 80 100
350 350
© First diagonal crack © First diagonal crack
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Shear Key 9A Shear Key 9B
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Shear Key 10B

Fig. 12—Horizontal load-versus-horizontal displacement curves for shear keys.

mately 1 to 1.5 mm at a load of 132 kip. The major crack
of Shear Key 9A was measured to be 1 to 1.5 mm wide at a
150 to 180 kip load, and the width increased to 2.0 mm at
210 kip. The crack at the corner of Shear Key 9B had a width
of 0.2 to 0.3 mm at 90 kip, which increased to 1.0 mm at
175 kip and to 2.0 mm at 250 kip. Shear Key 10A had a
crack of 0.4 mm wide at 108 kip, which opened to 1.6 mm
at 144 kip and to more than 3.0 mm after a load of 180 kip
had been reached. The width of the crack at the corner of
Shear Key 10B increased quickly from 0.5 mm at 100 kip to
1.0 mm at 114 kip.
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Vertical load on shear keys

For Shear Keys 8A, 9A, and 10A, which had an incline
face on the loaded side, the maximum total vertical forces
measured with the strain gauges on the vertical bars in the
hold-down frames at the peak horizontal loads were 90, 127,
and 120 kip, respectively. These values imply that tanf in
Eq.(1)isequalto0.31,0.37,and 0.35, respectively, while the
actual tanf based on the shear key geometry is 0.29. Vertical
forces were also measured for the shear keys with a vertical
face. They were probably caused by the rotation of the shear
keys introducing a small uplift of the loading beam. When
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Fig. 13—In-plane rotation-versus-horizontal displacement
curves. (Note: 1 in. = 25.4 mm.)

dividing the peak vertical forces by the measured peak hori-
zontal loads, we have tanf} values of 0.10, 0.15, and 0.18 for
Shear Keys 8B, 9B, and 9B, respectively, while the actual
value should be zero. Hence, when using Eq. (1), it is appro-
priate to assume a minimum tanf3 value of 0.15 when the
actual B value is very small or close to zero because the rota-
tion of the shear key is inevitable when a horizontal crack
plane develops.

Strains in horizontal shear reinforcement of stem
wall and vertical dowel bars

Strains in the horizontal shear reinforcement of the stem
wall were measured (S93, S95, S97, S99, S86, S89, S84,
S81). All the strain-gauge readings were within the elastic
regime for Shear Keys 8A, 8B, and 10B. For Shear Keys
9A and 9B, which had a higher amount of vertical dowel
reinforcement than the others, the stain-gauge readings show
that one of the horizontal bars in the bottom row and all the
horizontal bars in the top row reached the yield strain. For
Shear Key 10A, the strain-gauge readings show that only
one of the horizontal bars exceeded the yield strain, while
the rest remained in the elastic regime.

The readings of the strain gauges close to the sliding
planes (S65-S66, S71-S72, S77-S78) show that appreciable
tensile forces developed in the vertical (as well as inclined)
dowel bars from the beginning of the tests. The strain gauges
that were closer to the loaded end of the shear key reached
the yield strain earlier in the test, while the strain gauges
at the free end of the shear key reached it last. This can
be attributed to the in-plane rotation of the shear key, as
discussed next.

In-plane rotation of shear keys

The in-plane rotation of the shear key was monitored with
tilt meters, whose locations are shown in Fig. 10. The in-plane
rotation-versus-horizontal displacement curves measured by
displacement transducers L7-L8 and L20-L21 are shown in
Fig. 13. The rotational response of the shear keys can be
divided into three stages. First, the rotation increased contin-
uously until the maximum horizontal resistance of the shear
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Table 3—Measured strengths of No. 3 bars and
concrete compressive strengths for Shear Keys
1A, 2A, 4A, and 4B (reported by Megally et al. 2001
and Borzogzadeh et al. 2006)

Shear key
1A | 2A 4A 4B
Yield strength, ksi 65 84 61 61
Tensile strength, ksi 98 | 124 | Not reported | Not reported
Concrete strength, ksi 4.96 | 3.11 5.78 5.78

key was reached. At this point, the shear key started to slide
horizontally, and the rotation slowed down. The in-plane
rotation in the plateau region was between 0.80 and 1.00
degree for Shear Keys 8A, 9A, and 10A, and between 1.00
and 1.50 degree for Shear Keys 8B and 9B. After a displace-
ment of approximately 3 and 4 in. was reached for Shear
Keys 10A and 10B, respectively, the in-plane rotation started
to increase again. This increase in rotation can be attributed
to the unseating of the shear key due to the large horizontal
displacement, as well as the damage at the toe of the shear
key, as shown in Fig. 11(d). The rotation of Shear Key 10B
reached 14 degrees towards the end of the test. For Shear
Keys 8B and 9B, this increase in rotation was observed after
a horizontal displacement of 2.25 in. was reached.

Vertical uplift of shear keys

The vertical uplift of the shear keys was monitored with
displacement transducers at four locations. The readings of
the transducers suggest that the shear keys experienced a
significant vertical uplift, and that the uplift was larger at the
loaded end of the shear key. The maximum uplift measured
at the loaded sides of the shear keys varied from 0.5 to
1.4 in. for Specimens 8 and 9 and for Shear Key 10A, while
it reached 3.5 in. for Shear Key 10B. The readings of the
transducers show that there were negligible out-of-plane
rotations of the shear keys, except for Shear Key 10A, for
which a significant out-of-plane rotation was recorded after a
lateral displacement of 1.70 in. At the end of the test the east
face of Shear Key 10A had experienced 2.50 in. of vertical
displacement, and the west face almost no vertical uplift.

EVALUATION OF ANALYTICAL FORMULAS

Diagonal shear strength of stem wall

To validate the analytical method proposed in this study to
calculate the diagonal shear strength of abutment stem walls,
Shear Keys 1A and 2A tested by Megally et al. (2001) and
Shear Keys 4A and 4B tested by Borzogzadeh et al. (2006)
are considered. The material properties used are based on the
measured values reported in these studies and are summa-
rized in Table 3. For Shear Keys 1A and 2A, all the rein-
forcing bars were No. 3, while for Shear Keys 4A and 4B,
the horizontal shear reinforcement of the stem wall consisted
of No. 4 bars, whose strengths were not reported. For these
bars, a tensile strength of 105 ksi is assumed for the calcula-
tion of the diagonal shear resistance. The center of rotation
(“Point A”) is taken to be at the base of the stem wall, as
observed in the tests. Hence, the angle of the line from A to
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the corner of the loaded face of the shear key with respect to
the horizontal is 52 degrees.

The measured and calculated load resistance values are
shown in Table 4. The method can predict the diagonal shear
resistance of the stem wall’s well. The difference between
the measured and the calculated strengths is below 10% for
all the cases.

Sliding shear resistance of non-isolated shear keys

The test data of Specimens 8, 9, and 10 presented previ-
ously are used to evaluate the analytical method presented
to calculate the shear strength of a non-isolated shear key
governed by a horizonal crack. For this purpose, the shear
strength of each shear key is calculated with Eq. (4). The
cohesive resistance 7 is calculated with Eq. (5) and (6). The
strengths of the steel reinforcement and concrete obtained
from material tests are used. The steel strengths are shown
in Table 1. For the contact area, d is 16.75 in. and / is 6 in.,
which is 1/4 of the base length of the shear keys. The cohe-
sive force 7, the total clamping force, F§, and the calculated
and measured horizontal shear strengths Vy;; are shown in
Table 5. For calculating the shear strengths of the shear keys
with a vertical face on the loaded side (Shear Keys 8B, 9B,
10B) with Eq. (3), tanf is assumed to be 0.15 based on the
test data discussed previously. For comparison, the shear
strengths of the stem walls calculated with the proposed
method are also shown in the table. The calculated shear
strengths of the stem walls are higher than the calculated
shear strengths of the shear keys, by more than two times for
most of the cases.

It can be observed that the proposed method predicts the
strength of the shear keys reasonably well. For most of the
cases, the difference between the calculated and measured
shear strengths is less than 10% of the measured values.
However, for Shear Key 9B, the method underpredicts the
shear strength by 19%. It should be mentioned that the differ-

Table 4—Diagonal shear strengths of stem walls
from tests and proposed formula for shear key
tests 1A, 2A, 4A, and 4B

Shear key Test, kip Formula, kip Difference
1A 222 207 7%
2A 158 160 +1%
4A 329 333 +1%
4B 299 297 —0.5%

ence in the shear strengths of 9A and 9B obtained from the
test is a lot smaller than that for the corresponding shear keys
in Specimens 8 and 10. The horizontal resistances measured
from Shear Keys 8B and 10B were 70% and 75% of the
horizontal resistances of Shear Keys 8A and 10A, respec-
tively, while the horizontal resistance of Shear Key 9B was
measured to be 95% of that of Shear Key 9A.

The shear strengths are also calculated with the formula
in the SDC (Caltrans 2019) for comparison. The results are
shown in Table 5 as well. This formula does not distinguish
the different geometries of the shear keys (that is, whether the
loaded face is vertical or inclined) or the concrete strength.
Therefore, the two shear keys in each specimen have the
same calculated shear strength, and Specimens 8 and 10 end
up having the same shear strength. It can be seen that for
Shear Key 10B, the difference between the measured and the
calculated shear strengths is 8%, for Shear Keys 8B, 9B, and
10B, the difference is between 10 and 16%, for Shear Keys
8Aand 9A, itis 21 to 22%, and for Shear Key 10B, it is 34%.

SUMMARY AND CONCLUSIONS

This paper has demonstrated that exterior shear keys and
abutment stem walls cast monolithically can be designed to
exhibit a desired failure mechanism that is governed by the
horizontal sliding of the shear key, rather than the diagonal
cracking of the stem wall. The former failure mode is easier
to repair and can thus reduce the post-earthquake repair
costs. Three shear key-stem wall specimens each with two
non-isolated shear keys were tested. The specimens had two
different amounts of dowel bars connecting the shear keys
to the stem walls, two different concrete strengths, and two
different shear key geometries, but had the same amount
of horizontal shear reinforcement in the stem walls. The
tests have shown that the concrete strength, the amount of
vertical dowel bars, and the inclination of the loaded face
of the shear key can influence the shear resistance of a shear
key significantly. The failure mechanisms of the shear keys
were similar and were governed by shear sliding. Diagonal
shear cracks formed on the stem walls but remained small
throughout the tests. Initially, the shear keys experienced an
in-plane rotation without sliding. This led to the develop-
ment of significant tensile forces in the dowel bars. Before
sliding occurred, a number of parallel diagonal cracks
formed right below the shear keys. Some of the diagonal
cracks eventually propagated horizontally forming a sliding
plane. When the maximum horizontal load was reached, the

Table 5—Horizontal shear resistances of non-isolated shear keys for Specimens 8, 9, and 10

Calculated shear Calculated shear resistance of
Shear | Calculated cohesive | Total yield force of | Calculated horizontal | Measured horizontal resistance of stem shear key from SDC
key force 7, kip vertical bars, F, kip | shear strength, kip shear strength, kip wall, kip (Caltrans 2019)
8A 91.40 44.22 260 286 705 223
8B 91.40 4422 194 198 564 223
9A 98.97 73.92 342 336 705 264
9B 98.97 73.92 256 316 564 264
10A 130.79 4422 326 340 695 223
10B 130.79 44.22 244 250 564 223
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shear key started to slide. At that point, the in-plane rota-
tion of the shear key leveled off. The shear key continued
to slide and the dowel bars fractured sequentially, leading to
sudden drops of the horizontal load. As a shear key rotated,
the exterior side of the shear key experienced large shear
and compressive forces. This led to the development of a
steep diagonal crack in the stem wall behind the heads of
the horizontal shear reinforcement. When the sliding plane
formed and the corner of the stem wall at the exterior side of
the shear key broke off, the shear key stopped to rotate and
started to slide on that plane.

Analytical formulas for calculating the sliding shear
resistance of shear keys and the diagonal shear strength of
stem walls are presented for use in design. The analytical
formulas have been validated by the tests presented in this
paper as well as data from prior tests. The formula for the
sliding shear strength accounts for the cohesive as well as
frictional forces in concrete, the angle of the loaded face
of the shear key, and the clamping force of the dowel bars.
It has been shown that the proposed formula provides a
better correlation of the test results than that provided in the
Caltrans SDC.
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