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ACI STRUCTURAL JOURNAL TECHNICAL PAPER

Title No. 114-S85

Interface Model for Bond-Slip and Dowel-Action Behavior
by Alexandra Kottari, Marios Mavros, Juan Murcia-Delso, and P. Benson Shing

This paper presents an interface element formulation for modeling
dowel action and bond-slip behavior of steel reinforcing bars in
the finite element analysis of concrete structures. The interface
connects steel bar elements to concrete elements, and allows bar
elements to have a smaller size than the concrete elements to which
they are connected, to improve computational efficiency as well
as flexibility in meshing. It adopts a cyclic bond stress-versus-
slip law developed by the last two authors, and extends a dowel-
action model developed for monotonic loading to cyclic loading.
A numerical study has been conducted to demonstrate the bene-
fits of using a bond-slip model in eliminating the mesh-size depen-
dency of numerical results that can otherwise be introduced by bar
elements directly connected to concrete elements and the accuracy
and computational efficiency provided by the proposed interface
formulation. The capability of the model to simulate dowel action
has been validated with results from monotonic and cyclic shear
loading tests performed on individual dowel bars, as well as shear
keys in bridge abutments.

Keywords: bond slip; dowel action; interface element; reinforced concrete;
shear keys.

INTRODUCTION

The behavior of reinforced concrete structures can be
significantly affected by the bond slip and dowel action of
the reinforcing steel, which normally occur in the vicinity
of a crack. To accurately simulate the bond-slip and dowel-
action phenomena using nonlinear finite element models,
high-fidelity constitutive relations for the concrete, steel,
and their contact are needed. Moreover, the length of the
steel bar elements has to be sufficiently small to adequately
capture the variation of the contact stresses between the
bar and the surrounding concrete over a distance that can
be three to four times the bar diameter. The use of a suffi-
ciently fine mesh for such analysis is often impractical in the
modeling of reinforced concrete structures.

Dowel action involves the flexural deformation of the
bar and the compressive deformation of the concrete in
contact. Hence, the dowel resistance developed is governed
by the compressive strength of the concrete, which can be
significantly higher than the uniaxial compressive strength
due to the confinement effect of the surrounding concrete.
To model the dowel action accurately, a three-dimensional
(3-D) constitutive model that can account for the increased
compressive strength of confined concrete is needed.
However, a 3-D finite element model with a fine mesh can
be computationally prohibitive.

To efficiently and accurately model the bond-slip behavior
of reinforcing steel in finite element analysis, the nonlinear
behavior of concrete during bar slip can be represented in
zero-thickness interface elements connecting the reinforcing
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steel to the concrete (for example, refer to Cox and Herrmann
[1998] and Murcia-Delso and Shing [2015]). In this study,
this approach has been extended to model dowel action in
addition to bond slip with a two-dimensional (2-D) inter-
face element. For this purpose, a cyclic constitutive law has
been introduced to model the dowel resistance in the normal
direction of the interface, while the phenomenological cyclic
bond-slip law proposed by Murcia-Delso and Shing (2015)
has been adopted in the tangential direction. To improve the
computational efficiency, a new interface element formu-
lation is presented for connecting reinforcing bar elements
to concrete elements, whereby the reinforcing bars can be
represented by a fine mesh while the concrete by a much
coarser mesh. This ensures that high-resolution interfacial
stress distributions can be obtained while avoiding having
concrete elements smaller than the minimum representative
volume for which concrete can be considered a homogenous
material. It is generally accepted that the minimum repre-
sentative volume of concrete is at least three to five times
the maximum aggregate size (Van Mier and Van Vliet 2003).

Numerous models have been proposed for the calculation
of dowel resistance. Soroushian et al. (1987) has shown that
the secant bearing stiffness of concrete during dowel action
is proportional to the square root of its uniaxial compressive
strength and is inversely proportional to the bar diameter.
The confinement effect can significantly increase the bearing
strength of concrete. Dulacska (1972) and Vintzeleou and
Tassios (1987) have suggested that the bearing strength of
concrete under dowel action can be taken to be four times
the uniaxial compressive strength. However, Dei Poli
et al. (1992) have demonstrated that the bearing stiffness
of concrete is not constant, but a nonlinear function of the
dowel force. In this study, the formula proposed by Brenna
et al. (1990) to calculate the bearing stiffness of concrete
under the monotonic loading condition has been extended
for cyclic loading and implemented in the interface model.

In this paper, the new element formulation and the cyclic
dowel-action law are presented, the bond-slip law of Murcia-
Delso and Shing (2015) is concisely summarized, and the
accuracy and computational efficiency provided by the new
element are demonstrated. The accuracy of the dowel-action
model is validated by experimental results.
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Fig. I—Modeling of bar-concrete interaction: (a) physical model; (b) FEA model; and (c) element size mismatch.

RESEARCH SIGNIFICANCE

The bond slip and dowel action of reinforcing bars have
an important influence on the inelastic behavior of reinforced
concrete structures. A new interface element formulation is
presented in this paper for the modeling of these phenomena
inan accurate and efficient manner. The element simulates the
bond-slip and dowel-action phenomena in a zero-thickness
interface between the reinforcing bar and the surrounding
concrete using appropriate constitutive models that account
for the damage of concrete induced by these actions. The
main novelty of the element is that it allows the reinforcing
bar to be represented by a sufficiently fine mesh needed to
model these phenomena accurately, and the concrete by a
much coarser mesh. This can significantly improve compu-
tational efficiency and make such analysis practical.

MODEL FORMULATION
Element formulation

To simulate the phenomena of bond slip and dowel action
in a finite element model, reinforcing bars normally require a
relatively fine mesh to accurately capture the variation of the
shear and normal stresses along the bar-concrete interface, as
compared to the size of concrete elements needed to capture
the nonlinear behavior of a reinforced concrete member. In
this situation, it is computationally more efficient to have
different element sizes for the bars and the concrete, which
are connected via interface elements that account for the
bond slip and dowel action. Figure 1 illustrates an example
in which four bar elements are connected to a single concrete
element. For this purpose, a specially formulated four-node,
zero-thickness interface element is proposed to connect each
of these bars to the concrete element and represent appro-
priate contributions to the bond and dowel forces, as illus-
trated in Fig. 2.

Figure 3 shows the configuration of an isolated interface
element with Gauss points G; and G,. It is intended for four-
node planar concrete elements. Nodes 3 and 4 are connected
to the concrete element, while Nodes 1 and 2 are connected
to the bar element. It is so formulated that the length of the
bar element (L;,) has to be equal to, or shorter than, the
length of the concrete element (L34), and that the bar element
(that is, Nodes 1 and 2) has to be located between Nodes 3
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Fig. 3—Interface element.

and 4 in the undeformed state. The local coordinate x has its
origin at the midpoint between Nodes 1 and 2. Each node i
of the interface element has two degrees of freedom—that is,
displacements in the x- and y-directions, denoted by u; and
v;, respectively. The shear (bond) stress t and the normal
(dowel) stress ¢ along the element depend on the values and
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histories of the relative tangential displacement (slip) # and
relative normal displacement v, which are defined as

{Lf} _ {u (x)—u, (X)} )
v () =)

in which u and v are the displacements in the x- and y-
directions, determined by the displacement shape functions
and the nodal displacements. Subscripts ¢ and s denote the
displacements at the concrete side and the bar side of the
element, respectively. To account for the different lengths,
the bar side (1-2) and the concrete side (3-4) have their indi-
vidual natural coordinates 1 and n., respectively, which are
mapped to the x-coordinate as follows: x = (L5/2) - nand x =

(Lyz — L14)/2 + (L34/2) - .. Hence, coordinates 1 and 1. have
the following linear relation

ne=a+f-n (2)
where
o= L14 - L23 (3)
L34
L
p=—1= )
L34

The displacements of any point along the bar side are
given by

um) =Nim) - ur +No(m) - uz %)

vi(m) = Ni(m) - vi + No(M) * v, (6)

in which A, is linear shape functions defined in natural coor-
dinate n as follows

N,(m) =1‘7 )

=

N, () = “7” ®)

The displacements along the concrete side are defined in
the same way as follows

uc(nc) =N, (nc) Cugt NZ(T]C) T U3 (9)

Vc(nc) =N, (nc) “vgt NZ(nc) V3 (10)

Based on the relation in Eq. (2), the relative displacements
along the interface can be expressed as functions of 1.

{ﬁ}={us(n)—uc(0€+B~n)}=[b(n) 0 Hu} a1
v -v (e+B-m) 0 bm] v
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where

b(m) =[NM(m) N(n) —No(a+B-m) N(a+p-n)] (12)

and
u T
v = [ul u, u; u, v, v, v v4] (13)

With @ and v given by Eq. (11), the values of the shear
and normal stresses t and ¢ are determined by a set of consti-
tutive laws. As described in the following two sections, the
stress-strain relations in the normal and tangential directions
are assumed to be independent for the sake of simplicity.
Each concrete element is in contact with one or more bar
elements. Hence, for each interface element, only the
stresses along the length of the connected bar element (that
is, L1, as shown in Fig. 3) are determined and used to calcu-
late the element nodal forces. For a unit length of the steel
bar with diameter d,, the shear stress t acts around the bar
circumference nd;,, while the normal stress ¢ is assumed to
act on a rectangular area dj, which represents the projection
of the contact surface between the bar and the concrete on
the x-z plane. The element forces can be formulated with the
principle of virtual displacements, with the internal virtual
work given by

W, = —nd, [ 8ii-tdx —d, [, &7 cdx (14)

and the external virtual work by
3Wr=08u’F, + &v'F, (15)
in which 8 and oV are the virtual relative displacements
along the element; du and dv are the vectors of virtual nodal
displacements; and F, and F, are vectors of element nodal
forces in the x- and y-directions. With Eq. (11), (14), and

(15) and the principle of virtual displacements, dW; + SWy =
0, one has

F =n-d,-[' bm) -1(m) Jdn

1 , (16)
F, =d, [ b(M)" -o(M)-Jdn
where
J= ﬁ = & (17)
an 2

Constitutive law for bond-slip behavior

The bond-slip law proposed by Murcia-Delso and Shing
(2015) has been adopted herein to describe the stress-
displacement relation in the tangential direction of the inter-
face element. However, the interaction with the displace-
ments in the normal direction proposed in the original law
has been ignored for simplicity. The model accounts for the
bond-strength degradation caused by bar slip, cyclic slip
reversals, and the tensile yield of a bar.
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Fig. 4—Bond-slip model: (a) monotonic response, and (b) cyclic response (Murcia-Delso and Shing 2015).

Figure 4 shows the bond stress-slip relations for mono-
tonic and cycle loading. In the model, the bond resistance
is assumed to be provided by two mechanisms: the bearing
force on the bar ribs due to mechanical interlock, and the
friction force between the concrete and bar surfaces. Chem-
ical adhesion between the concrete and the reinforcing bars
is not modeled, as it is lost at relatively low bond stresses
(Fédération Internationale du Béton 2000). However, its
contribution to the initial bond resistance is implicitly
considered in the bond-slip curves, which were calibrated
with experimental data. The monotonic bond-slip envelope
curve is given by Eq. (18), (19) and (20)

T=Phs Phe TP P Y (18)
where
Toax ~ _
3.0 for0<d<0.1s
peal
S peak
- 4
e ‘”‘ =S peak -
sign(i)-1,,, | 0.75-0.45) —~ for 0.1s ., <[] < 5,00
_ 98 ok
T, (@) = . - 5
sign(i1)-0.757,,. fors,, < || < L1s
o 1] =115, i
sign(i)-0.75t,,, | | - ———— for 1.1s,,, <|d] < s,
Sg _1']Speuk "
0 for [ii] = s,
(19)
and
T ~ _
g forOS‘u‘<0.ls

peak

S peak

u-—s

4
peak _
] :| for 0.1s,,,, < |ir] < S peak

7S peak

T, (if) = {sign(@) 1, {0.25 —0.15[

sign(i)-0.251,,,, for [d]> s,

(20)

in which 1, is the bond resistance due to bearing action; t,is
the frictional bond resistance; T, and T, are the maximum
and residual bond strengths for monotonic loading; .. is
the slip at which the peak strength is attained; sy is the clear
spacing between the bar ribs; p,, and p;, account for the
reduction of the bearing (t,) and friction (1) resistances due
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to the tensile yielding of the bar; and p, . and p;. account for
the strength degradation due to cyclic slip reversals. Expres-
sions for the strength reduction factors as well as the cyclic
loading and unloading rules can be found in Murcia-Delso
and Shing (2015).

The bond-slip law requires the calibration of only three
parameters: Tpax, Speak» aNd 5. As suggested by Murcia-Delso
and Shing (2015), the values for these parameters can be
determined with the following empirical relations.

r 0.75
T =24 = 21

Speat = 0.07 - d (22)

s2=0.5 - dy (23)

in which d, is the bar diameter, in in.; f.' is the concrete
compressive strength, in ksi; and 1, is in ksi.

Constitutive law for dowel action

The empirical formulation proposed by Brenna et al.
(1990) to model the dowel action of a reinforcing bar under
monotonic loading, as shown in Eq. (24) and (25), has
been adopted to establish the compressive normal stress-
displacement relation for the interface. The model is based
on the test data of Soroushian et al. (1987) and is formulated
as follows

o(V)=0@) k, -V (24)
in which

k,=370.25-£/°7/d,

() = [l 5-(a+Jd*-(40-51d, —b) + & )TB

a=0.59-0.07586- 1 (25)
b=0.0517- f/-0.23
¢=0.0262- f/+0.44
d=0.0172- f/+0.58

In the previous equations, f.' is the concrete compressive
strength; d, is the bar diameter, v is the imposed compres-

ACI Structural Journal/July-August 2017
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Fig. 5—Damage of concrete during dowel action: (a) physical problem, (b) loading, and (c) unloading.

sive displacement, and ¢ is the normal compressive stress.
All units are in ksi and inches.

In this study, the dowel-action law presented herein has been
extended for cyclic loading. Consider that the reinforcing bar
is embedded in a concrete block, as shown in Fig. 5(a). The
cyclic behavior is divided into three regimes. First, consider
that the reinforcing bar deforms in flexure toward Side 1, as
shown in Fig. 5(b). The concrete in the vicinity of the bar on
Side 1 experiences compression and can be severely damaged.
However, due to the confinement provided by the surrounding
concrete, the compressive strength of the concrete in contact
with the bar is significantly higher than that under uniaxial
compression, and the increased compressive resistance is
accounted for in Eq. (24) and (25).

Once the imposed displacement is reversed, the bar loses
contact with concrete on Side 1 and the compressive stress
on the bar diminishes. The decrease in stress is calculated as
elastic unloading

6(F) =K,V

()=K, ¥ 06
Kun = Y ' Kin

in which the superposed dot represents the rate of change;

v is a multiplication factor greater than 1.0 to attain a high
stiffness for unloading; and K, is given by

Kin = (Din : kO

0, =[15 @+ e )T“ 27)

For this study, the multiplication factor y is taken to be 4.0,
which provides a sufficiently stiff unloading slope. Once the
stress reaches zero, a gap 9, is created, as shown in Fig. 5(c),
and the stress will remain zero until the concrete on Side 2
assumes contact with the bar, or the bar resumes contact with
the concrete on Side 1 upon reloading. The length of the gap
can be calculated as

o
8, =8, ——*“ 28
e (28)

in which o, and 9, are the stress and the normal displacement
at which unloading starts. For reloading toward Side 1, the
stress is given by Eq. (29) until it reaches the monotonic

ACI Structural Journal/July-August 2017
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Fig. 6—Normal stress versus normal displacement curve for
dowel action.

envelope, represented by Eq. (24) and (25), and is governed
by the monotonic envelope after that point.

o(M)=0F-3,) k (7-3,) (29)

In Eq. (29), (-) are Macaulay brackets; the expressions
for o(+) and k, are given in Eq. (24) and (25); and §, is
the displacement at which reloading starts. If complete
unloading occurs, , is equal to &, and the compressive
stress will remain zero until the displacement v reaches
d,, at which the gap closes and the reinforcing bar resumes
contact with concrete. The loading and unloading laws are
illustrated inFig. 6.

In the following sections, the bond-slip and dowel-action
laws for the interface element are validated with experi-
mental results for both monotonic and cyclic loads. The
results are for bars with sufficient concrete cover so that
splitting failure of concrete did not occur. The element
formulation and the constitutive laws are implemented in the
finite element program FEAP (Taylor 2014).

PERFORMANCE EVALUATION OF NEW
INTERFACE ELEMENT
This section provides numerical examples to: 1) demon-
strate that the addition of bond-slip elements can elimi-
nate the sensitivity of numerical results to the size of the
bar elements; 2) identify the optimum size of bar elements
to accurately represent the bond-slip and dowel-action
phenomena; 3) verify the accuracy of the new interface
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element formulation in connecting concrete and bar elements
with incompatible sizes; and 4) demonstrate the improved
computational efficiency that can be achieved.

The physical model adopted for the numerical examples
consists of two concrete blocks separated by a joint and a
No. 4 steel reinforcing bar passing through the blocks, as
shown in Fig. 7(a). It is modeled with plane-stress elements.
In the finite element models, the nodes along the edges of
the lower block are restrained from vertical and horizontal
displacements, while the nodes at the edges of the upper
block are subjected to uniform vertical displacements. The
steel bar is modeled with beam elements. Different sizes of
bar elements—namely, 1, 2, 4, and 8 in. (25, 51, 102, and
203 mm) long, are considered. The concrete elements match
the size of the bar elements. Figures 7(b) and 7(c) show the
coarsest and the finest meshes used in this parametric study.

The steel is modeled with a uniaxial constitutive law,
which has a yield plateau and subsequent strain hardening for

Reinforcing bar

V

16 in.

16 in.

a) b) c)

Fig. 7—Finite element models: (a) physical model; (b)
coarse mesh (8 in. [203 mm] elements),; and (c) fine mesh
(1 in. [25 mm] elements).

17 17

14 14

1" I
[e

5 5
o )
2 2
V- Va-
Concrete Elements Reinforcing ~ Reinforcing
Bars Bars

a)

initial loading in one direction, and the Bauschinger effect
and kinematic hardening for cyclic loading. The steel rein-
forcement has a Young’s modulus of 29,000 ksi (200 GPa), a
yield strength of 60 ksi (414 MPa), and a tensile strength of
105 ksi (724 MPa). In the interface element modeling bond
slip and dowel action, the compressive strength of concrete
is assumed to be 6 ksi (41 MPa). The concrete elements are
represented by linearly elastic plane-stress elements with a
modulus of elasticity of 4400 ksi (30 GPa).

To show the importance of the bond-slip elements for the
objectivity of the numerical results, two analyses sets, each
with different element sizes, have been conducted with the
upper block subjected to an upward displacement. In the first
set of analyses, no bond-slip elements are used and the bar
elements are directly connected to the concrete elements,
as shown in Fig. 8(a). In this case, each reinforcing bar is
split into two, which are connected to the concrete elements
in such a way that the connectivity is symmetric about the
crack line. In the second set, bond-slip elements are used
to connect the bar to the concrete, as shown in Fig. 8(b).
In these analyses, the vertical forces at the nodes of the
upper block are recorded and their sum is plotted against the
vertical displacement.

Figure 9 shows the results for the first set of analyses. It
is observed that the results are very sensitive to the element
size. More specifically, the displacement at which the bar
fractures and the load-displacement curves are strongly
affected by the element size. This is attributed to the extent
of strain localization in the bar near the joint, which is
governed by the element size, as shown in Fig. 9(b). One can
also notice that the results do not converge to a final solution
as the element size diminishes.

Figure 10 shows the results for the second set of analyses.
It can be observed that the results are only slightly affected
by the element size, and the displacement at which the bar
fractures converges quickly to a steady value as the element
size is reduced. The sudden load drops shown in the load-

o
18 §923 23

10 1 12 12 4
+ 21 + o1

7 8 9
0O, d
\ : i ‘B> 20
3990 S
1 2 3 19 &
Bond-
slip & . .
Concrete Elements Dowel Reinforcing
: Bars
Action
Interface

b)

Fig. 8—Bar-concrete connectivity: (a) when no bond-slip interface elements are used; and (b) when bond-slip interface

elements are used.

1048

ACI Structural Journal/July-August 2017



Table 1—Discretization information and analysis time for example problems

No. of elements Time, s
No. of nodes Concrete Bar Interface Total Vertical displacement Horizontal displacement
Fine mesh 611 512 32 32 576 192 435
Coarse mesh 51 8 32 32 72 20 71
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35-

20.00
30
15.00

)
a

10.00

5.00 )

Iy
S

Vertical Force (kips)
==sssz
SEsgmees

8
B
B
2
g
a
Bar length (in.)
O
-__-._Vﬂg___

0.00 - n

-5.00 -

S

S

]
i
i
i
i

[

0
H
-10.00 [ [
v
1
]
1

NS

-15.00 |-

Y
N
»
s

-20.00 : : p : : 0 g <
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 0 0.1 0.2

Vertical Displacement (in) Strain (in./in.)

Fig. 9—Analyses without bond-slip elements: a) force-
displacement; and (b) strain along bar. (Note: 1 in. = 25.4 mm,
1 kip = 4.45 kN.)
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Fig. 10—Analyses with bond-slip elements: (a) force-
displacement; and (b) strain along bar. (Note: 1 in. = 25.4 mm,
1 kip = 4.45 kN.)

displacement curves are due to the drops of the bond stress in
the bond-slip elements. The curves become smoother as the
mesh is refined because bond deterioration becomes more
gradual and continuous. Moreover, as shown in Fig. 10(b),
the extent of strain localization is independent of the element
size even though the strain magnitude is still affected. In
Fig. 10(a), the significant overstrength shown by the curve
with 8 in. (203 mm) elements is because coarser mesh requires
a larger bar deformation to trigger the first bond slip.

A numerical study considering different bar diameters
and element sizes has indicated that the length of each bar
element has to be no more than 0.5d, to accurately capture
the dowel action effect. In this study, a horizontal displace-
ment is applied to the nodes at the edges of the top concrete
block of Fig. 7, while the lower concrete block is prevented
from moving in the horizontal direction. The total horizontal
force (dowel force) is plotted against the applied horizontal
displacement in Fig. 11. It can be observed that the solution
converges when the element size is around 0.5d,. Similar
analyses not reported herein have shown that to capture the
bond-slip behavior, the bar elements have to be no more than

ACI Structural Journal/July-August 2017
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Fig. 11—Simulation of dowel action with different element
sizes.
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Fig. 12—Comparison of numerical results with different
element sizes for concrete and the same element size for
steel: (a) vertical loading, and (b) horizontal loading. (Note:
1lin. =254 mm; 1 kip =4.45kN.)

2.0d, (Mavros 2015) Hence, the selection of the element
size is governed by the dowel action.

Although a fine mesh is needed for the bar to capture the
bond-slip and dowel-action mechanisms accurately, it is
not required for the concrete when the bond-slip and dowel
action are modeled by the proposed interface elements.
This is demonstrated by using the coarse mesh and the fine
mesh shown in Fig. 7(b) and Fig. 7(c) for the concrete only,
while the bar elements are 1 in. (25 mm) long for both cases.
Bond slip and dowel action are considered in separate anal-
yses. The results are shown in Fig. 12(a) and 12(b), and
the required computation time for each analysis is shown
in Table 1. The results are not sensitive to the size of the
concrete elements.

VALIDATION FOR MODELING DOWEL ACTION
Tests on single dowel bars

The ability of the constitutive law and the interface
element proposed herein to simulate the dowel action of
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Fig. 13—Comparison of experimental and numerical
results for dowel-action tests with monotonically increasing
displacements (f,! = 3.58 ksi [25 MPa]).

reinforcing bars are evaluated with the experimental data of
Paulay et al. (1974), who conducted dowel tests on No. 2,
No. 3, and No. 4 bars, each embedded in two concrete blocks
separated by a joint, and the data from the cyclic loading
tests of Vintzeleou and Tassios (1987). Paulay et al. (1974)
applied melted wax to the joint between the blocks to elim-
inate any cohesive resistance so that the dowel resistance of
the bar could be directly measured. Vintzeleou and Tassios
(1987) separated the concrete blocks with 0.16 in. (4 mm)
thick metal sheets, which were later removed and filled with
paraffin to create a sliding plane. The concrete blocks used
by Paulay et al. (1974) had an average compressive strength
of 3.58 ksi (24.7 MPa), and the steel bars had yield strengths
between 42.7 and 50 ksi (294 and 345 MPa). For the tests
of Vintzeleou and Tassios (1987), the actual strengths of the
materials were not reported. The concrete had a nominal
compressive strength of 6.525 ksi (45 MPa) and the steel
bars had a nominal yield strength of 61 ksi (420.5 MPa)
(Vintzeleou 1984).

In the finite element analyses presented herein, beam
elements are used to model the reinforcing steel bars and
the proposed interface elements are used to model the dowel
behavior. Concrete is modeled with linearly elastic plane-
stress elements. The model used to simulate these tests has
the same configuration as the one shown in Fig. 8(b). The
upper concrete block is restrained from vertical displacement
and is displaced horizontally. The bottom concrete block is
restrained from vertical and horizontal displacements.

A bar element size of 0.25d,, is chosen for the analyses.
Numerical results are compared to the experimental results
of Paulay et al. (1974) in Fig. 13, which shows that the
proposed model can capture the dowel behavior well. The
discrepancies in the dowel strengths obtained from the tests
and the analyses are 15%, 12%, and 12% for the No. 2, No. 3,
and No. 4 bars, respectively.

The model is used to simulate the dowel behavior in the
cyclic loading tests of Vintzeleou and Tassios (1987). As
shown in Fig. 14, the numerical results are in good agree-
ment with the experimental data in terms of the predicted
stiffness and force capacity. In the second loading cycle,
the stiffness reduction at reloading is due to the damage at
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Fig. 14—Comparison of experimental and numerical results
for cyclic dowel-action tests.

the gap created between the concrete and the steel bar at the
interface. The stiffness increases as the gap is being closed
until further damage has been inflicted.

Analyses of shear keys in bridge abutments

The dowel-action model has been used to simulate the
behavior of two shear keys in a bridge abutment model tested
by Borzogzadeh et al. (2006). The shear keys considered
are designated as 5A and 5B, whose reinforcement details
are presented in Fig. 15. Each shear key had a construction
joint separating it from the stem wall of the abutment. The
stem wall had 14 No. 4 horizontal bars placed in two layers
near the top as shear reinforcement, as shown in Fig. 15.
The stem wall was cast before the shear keys. Shear Key
5A was constructed with a rough construction joint. A rela-
tively thick layer of foam was placed to separate the shear
key from the stem wall around the outer boundary of the
joint such that the rough contact surface between the shear
key and the stem wall was limited to an 8 x 8 in. (203 x 203
mm) area. Four No. 4 vertical dowel bars passed through
the joint region. Shear Key 5B had a smooth construction
joint. Hydraulic oil was applied to the joint to eliminate the
cohesive force. Like Shear Key 5A, it had four vertical
No. 4 dowel bars.

The finite element model of the shear key specimen is
shown in Fig. 16. By taking advantage of the symmetry of
the test specimen about the center plane of the stem wall,
only a one-fourth-width slice of the specimen is modeled in
the finite element analysis. Concrete is modeled with shell
elements. Because the nonlinear behavior is concentrated
at the construction joint and in the interfaces simulating the
dowel action, the shell elements have a linearly elastic mate-
rial law. The elements are 4 x 4 in. (102 x 102 mm), which
allows appropriate positioning of the vertical and horizontal
reinforcing bars. The shell elements are interconnected with
interface elements that have the cohesive crack constitutive
law proposed by Koutromanos and Shing (2011), which
allow the accurate simulation of horizontal cracks and diag-
onal cracks, assumed to be at 45 degrees. The model can
simulate crack opening and closing and horizontal sliding
along a crack plane, as well as reversible shear dilatation
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Fig. 16—Finite element model for shear key specimen and
boundary conditions.

and irreversible joint compaction. It has a failure surface
governing a mixed mode (Mode I and Mode II) fracture
condition, and a set of softening laws governing the gradual
degradation of the frictional resistance and cohesion.

To simulate the rough construction joint in Shear Key 5A,
the initial coefficient of friction is assumed to be 1.0 and the
cohesive strength is set to 0.87 ksi (6 MPa). The residual
coefficient of friction, after significant sliding, is assumed to
be 0.7. The Mode I fracture energy is assumed to be 0.0006
kip/in. (0.0001 kN/mm). The Mode II fracture energy is
taken to be 10 times that of Mode I. The interface is cali-
brated such that significant dilatation occurs during sliding to
reflect the roughness of the surface. The remaining interface
elements representing the unbonded part of the construction
joint have zero tensile strength and a coefficient of friction
of 0.01. This small coefficient of friction is needed to avoid
numerical problems in the analysis.

Shear Key 5B was completely isolated from the stem wall.
Thus, all the interface elements representing the construction
joint have zero tensile strength and a constant coefficient of
friction of 0.36, as suggested by Borzogzadeh et al. (2006).
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More information for the cohesive crack interface model can
be found in Koutromanos and Shing (2011).

The vertical and horizontal side reinforcing bars of the
stem wall are modeled with elastoplastic truss elements
that have a post-yield strain hardening slope of 2% of the
initial modulus of elasticity. To simulate the dowel action,
the vertical reinforcing bar crossing the construction joint
of a shear key is modeled with fiber section beam elements,
which are connected to the shell elements through the
proposed interface element that simulates the bond-slip and
dowel-action behavior. The length of the beam elements is
chosen to be 0.5d,. The beam elements have both geometric
and material nonlinearities. The constitutive model for steel
developed by Dodd and Restrepo-Posada (1995) is used
to describe the material nonlinearity. This model has been
modified in this study to be able to capture the fracture of
the dowels. Bar fracture occurs at a specified tensile strain
of 20%, after which the stress decreases linearly following a
slope that is 0.2% of the elastic stiffness.

The tensile strength of the vertical dowel bars is based on
the values reported by Borzogzadeh et al. (2006). For the
vertical dowel bars (No. 4 bars), the yield strength is 63 ksi
(434 MPa) and the ultimate tensile strength is 104 ksi
(717 MPa). The modulus of elasticity is equal to 29,000 ksi
(200 GPa). The side reinforcement (No. 3 bars) and hori-
zontal shear reinforcement of the stem wall have a yield
strength of 68 ksi (469 MPa).

Figures 17 and 18 show that the finite element model
is able to reproduce the stiffness and the strengths of both
shear keys very accurately. The force-displacement curves
for Shear Key 5A, as presented in Fig. 17, have the peak
force occurring at a very low displacement. This peak resis-
tance can be largely attributed to the cohesive force in the
construction joint. The sudden drop of the resistance after
the peak is caused by the loss of the cohesive force. Shear
Key 5B did not have cohesive resistance in the construction
joint due to the use of bond breaker, which is apparent in
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Fig. 17—Experimental and numerical results for Shear Key 5A.

the force-displacement curves in Fig. 18. However, after the
load drop, Shear Key 5A has its resistance increase again
as the displacement increases, showing the same behavior
as 5B. This increase in resistance is due to the tension force
developed in the vertical dowel bars, which lean sideway as
the horizontal displacement of the shear keys increases. This
phenomenon is captured by incorporating the geometric
nonlinearity of the bars in the analyses. The final load drops
exhibited by both shear keys are due to the fracture of the
bars. In the test, Borzogzadeh et al. (2006) observed that the
angle of inclination of the dowel bars with respect to the
vertical at bar fracture was approximately 37 degrees. The
numerical results show that this angle is approximately 34
degrees for Shear Key 5A and 35 degrees for 5B.

CONCLUSIONS

In this paper, a new interface element formulation is
presented for the finite element modeling of bond slip
and dowel action in reinforced concrete structures. The
proposed interface model connects reinforcing bar elements
to concrete elements, and has the nonlinear behavior of the
concrete during bond-slip and dowel action represented in
a zero-thickness interface. The novelty of the element is
that it allows the reinforcing bars to be represented by a fine
mesh and the concrete by a much coarser mesh, which can
thus significantly improve the computational efficiency. The
bond-slip and dowel-action phenomena are modeled with
separate constitutive laws that account for cyclic as well as
monotonically increasing loads. While the accuracy of the
bond-slip law has been demonstrated in a prior publication,
this study has shown that the incorporation of bond slip can
avoid the localization of plastic strain in a single bar element
and thus alleviate the mesh-size sensitivity issue. The accu-
racy of the cyclic dowel-action model and the improved
computational efficiency introduced by the new interface
element formulation have been demonstrated by numerical
examples. Numerical results have indicated that the length
of a bar element should not be more than 0.5 times the bar
diameter to accurately simulate both dowel action and bond
slip. However, the proposed model has limitation that the
interaction between bond slip and dowel action is ignored in
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Fig. 18—Experimental and numerical results for Shear Key 5B.

the constitutive laws. A constitutive model that accounts for
this interaction should be developed in a future study.
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