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Applications of Interface Elenents to Contact Problems
in Reinforced Concrete Structures
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1. Introduction

Loading may cause parts of a structure to come in contact or to separate. Contact areas

may change in size as loads change and weak layers may crack and allow slip, or separation,
The layers behave with nonlinear response from the inelastic properties of the interfacial
material. Special techniques are thus needed for the analysis of the inelastic interface
behavior. )
" Many finite element analysis problems in structural engineering include interfaces between
two or more bodies which may or may not be mechanically joined. Example problems for
material interfaces include soil-structure interaction, a friction-type bolted connection,
composite structures and many classical contact problems in engineering mechanics,6)

Interface elements can be applied to solve the contact problems in reinforced concrete
structures. Concrete-reinforcing bar interface can be modeled to examine the bond between
the two different materials,1).3) The behavior of joints in precast large panel structures
can be studied using nonlinear spring interface elements, 8

The developments of finite element models for interface are presented in this paper. An
application of interface elements to the analysis of reinforced concrete structures is
described. Specifically, the results of the finite element analysis conducted to study the
role of interface on the bond between reinforcing bars and the surrounding concrete are
discussed.
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2. Simple Gap Model

Interface problems can be best explained with a simple gap model.4) Consider two
structures, separated by a gap that contains an elastic bumper spring. Before loading, the
spring has a certain length of the gap. After closure of the gap, contact is made, then the
bumper adds its stiffness to the existing structure stiffness. This situation can be handled
by means of the following single d.o.f. element.

As shown in Fig. 1, K is the structure stiffness and k is the bumper stiffness. The force
F in spring k is

F
F

0 if u<cg (1)
k(u-g) if u>g {2)

So the structure stiffness equation is

Ku=P if u<eg (3)
Ku + k (u-g)=P if u>g (4)
or (K+k (u-g)uu =P (5)

The response of u is nonlinear because the stiffness is a function of u as in Eq.5.
Incremental iterative procedure can be used for the solution of this nonlinear problem. The
nonlinear load versus displacemant curve for the model is shown in Fig, 2.

3. Interface Model
3.1 Link Element

In the interfacial model forces are transfered from one body to another across an
interface by normal stresses and tangential or shear stresses. Interface can be represented
using a two-dimensional link element (Fig.3) placed at the contact surface across which slip
occurs. These link elements have no physical length, but each element is assumed to act over
a specified segment of the interface boundary denoted as the contact length and behaves as
if it has a unit length and a unit width. The elements have a one degree of freedom tangent
to the interface and one degree of freedom normal to the interface. Three nodes are needed
to define the position and orientation of the elements, Nodes 1 and 2 are attached,
respectively, to either side of the interface, Node 3 is a coordinate point that is used to
define the orientation of the element., The coordinates of nodes 1 and 2 can be coincident,
such as may be obtained with a zero thickness interface, or can be separated to represent a
finite interfacial dimension.

3.2 Mohr-Coulomb Slip Surface
A key aspect of the interfacial model is the slip surface which defines the combination of
normal and tangential stresses which results in movement across the interface. The interface

can be represented by a Mohr-Coulomb slip surface (Fig.4). This model relates the normal
stress, On, to the shear stress,os, across the interface as

los| = ¢ - on tang (6)
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in which c and ¢ are the cohesion and the angle of friction, respectively.

The behavior of contact problems can be classified into three distinct modes or states, a
stick or nonslip, where both normal and tangential displacements are continous: a slip
state, where normal and shearing stresses are related according to the specified slip
surface; and a separation state, where the surfaces move apart. In the stick state, the
magnitude of the tangential stress is lower than the limiting value, and there is no
relative movement along the surface, While in the slip state, the magnitude of the shear
stress has reached the limiting value on the slip surface corresponding to the current
normal stress and that point on the surface, and the surface moves along the contact
surface. The separation state, no normal contact force between the bodies exists, occurs as
a result of tension and results in a gap between the surfaces,

The three behavior states for the interface are defined as follows:

Contact/stick

los| < c - on tang (7)
Contact/slip

los| > ¢ - on tanp and On < € (8)
Separation

[os| > ¢ - on tanp and on > € (9)

The parameter ¢ is a small tensile stress used to insure that Eq.9 is selected only when
tension exists at the interface.

3.3 Constitutive matrix

The constitutive matrix of the interface element is defined for each of the three possible
paterial states. It can be assumed that there is no volume change due to the shearing
strains, if the relatively smooth crack surface exists between two different materials,
Then, the tangential and normal components of deformation are uncoupled making them
straightforward to model, The stiffness matrices corresponding to the three states of
contact/stick, contact/slip, and separation are represented as

Contact/stick
[Ka O 1
Kstick = | l (10)
10 Ks |
Contact/slip
r Kn 0 1 r a Kn 0]
Ks1ip = | |+ I (11)

|
L0 Ks ] Lo aKs ]
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Separation
[akn O
Ksep = |
1o oKs |

(12)

The parameter @ maintains numerical stability by providing a small separation stiffness
and a non-singular slip stiffness.

4, Reinforcing Bar-Concrete Interface
4.1 Bond Model

Finite element analysis is conducted to study the effects of interfacial properties on the
bond strength of deformed reinforcing bars to concrete. The beam-end specimen (Fig.5) used
in the experimental study2?).5) is modeled in this study (Fig.6). The deformed bar-concrete
interface is represented with the special link elements using the Mohr-Coulomb surface to
match the stiffness and friction properties of the interfacial material.

The elastic properties of the interface can be adjusted. Before slippage, relative
movement is resisted by the interface link element, and the relative movement is minimized
using a large value of stiffness of the link element. Thus, the normal stiffness and
tangential or shear stiffness defined as large value to preclude such slippage prior to
reaching the failure surface,

4.2 Load-slip Response

The performance of the analytical model is examined on the basis of load-slip response.
That response, as can be seen in load-slip curves, passes through different stages,
corresponding to different material states of the steel-concrete interface.

As the applied load increases, the interface elements change their material states
progressively, Innitially, all elements are in a stick state, but elements progress into
slip or separation states depending on the location of the element along the deformation of
the reinforcing bar. Fig.7 shows a typical load-slip curve and the progressive loss of
tangent stiffness. Elements change their material states and become softer as load
increases, Fig.8 illustrates the progressive change of the material states along the
interface between the concrete and reinforcing bar. Sliding initiates in the front interface
elements and advances toward the back. Separation follows in a similar way. Finally, all
link elements separate, except for the elements on the compression side of the rib which
remain in the slip state,

There are several components to movement along the interface including sliding, relative
tangential displacement: offset, relative normal displacement (Fig. 9): and the absolute
normal displacement due to compression of the concrete, In reality, the value of the offset
should be zero. The relative movement normal to the interface can be minimized using a large
value of stifnesses for the link elements as discussed before, Fig.10 shows the movement of
the interface from the initial load to the peak load for the model. The offset is 0,00043 cm
(0.00017 in.), which is small compared to 0.0094 cm (0.0037 in.) and 0.0127 cm (0, 0050in).,
the normal and the sliding movements, respectively,
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Interfacial properties control the bond performance from the very beginning. Cohesion is
lost in this stage. Friction along the compression side of the ribs mainly contributes to
the bond force.

The material states no longer change as the load is increased further, The elements in a
slip state continue to slide and the other elements remain in separation. The complete load
slip curve reveals the change in nonlinear tangent stiffness up to the failure of the
confined concrete,1).3)

5. Conclusions

Interface elements are applied to contact problems in reinforced concrete structures. The
interface is represented with special link elements to transfer forces by shear and normal
stresses. Mohr-Coulomb slip surface is used to define the combination of normal and shear
stresses and the three material states of interface. Deformed bar-concrete interface is
modeled to study the bond response. The model successfully simulates the progressive change
of the interfacial material state and predicts the overall effects of the surface properties
on the bond performance.
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