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Abstract—On the basis of experimental investigations carried out on large scale simulated rock,concrete
interfaces, fracture properties are extracted from a finite element analysis. G, and Gg are extracted from
linear elastic fracture mechanics (LEFM) and nonlinear fracture mechanics (NLFM), respectively.

It is shown that the fracture energy G. for bimaterial interfaces remains constant as long as the
crack lies within the interface, and an accurate crack profile is obtained from the NLFM analysis.
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1. INTRODUCTION

IN A companion paper [1}, a series of large scale experiments on simulated rock/concrete inter-
faces subjected to mixed mode loading was reported. Whereas important qualitative conclusions
were drawn from these tests, it was not possible to directly extract fracture properties without
use of an appropriate numerical simulation. This will be accomplished in the present paper in
which two models are investigated: a linear elastic one which accounts for the dissimilarity of
the materials across the interface, and a nonlinear elastic one which is based on an extension of
Hillerborg’s model[2].

2. LINEAR ELASTIC FRACTURE MECHANICS ANALYSIS
2.1. Theory

The linear elastic fracture mechanics theory for cracks between two dissimilar materials is
fairly well understood. Hence, we merely summarize the established theory first, and then pro-
ceed with the numerical simulation.

Assuming a linear elastic model, a theoretically infinite stress exists at the tip of the crack,
and we neglect the formation of microcracks which would otherwise have relieved the stress
field. If we also account for the dissimilarity between the two materials adjacent to the crack,
then it is well established that an oscillatory type singularity[3] exists at the crack tip. This oscil-
latory singularity stems from the presence of a logarithmic term in the normal stress
equation[4]:
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where i = v—1, K and K, are components of the complex stress intensity factor K = K; +iK5.t
The expressions for these bimaterial stress intensity factors were derived by Rice and Sih[5]:
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In the above equations, ¢ is the oscillation index given by
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where f is one of Dunder’s elastic mismatch parameters[6], which for plane strain is given by
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in which g, v and a are the shear modulus, Poisson ratio and crack length. respectively, and sub-
scripts 1 and 2 refer to the materials above and below the interface, respectively. We note that 8
and ¢ vanish when the materials above and below the interface are identical. When ¢ 0, eq. (1)
shows that the stresses oscillate heavily as the crack tip is approached (+ — 0). Furthermore, the
relative proportion of interfacial normal and shear stresses varies slowly with distance from the
crack tip because of the factor . Thus K, and K> cannot be decoupled to represent the intensi-
ties of interfacial normal and shear stresses as in homogeneous fracture.
The crack flank displacements for plane strain are given by[4, 7]
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where 6, and d, are the opening and sliding displacements of two initially coincident points on
the crack surfaces behind the crack tip. It may be noted from eq. (6) that crack face interpene-
tration is implied when ¢ # 0, as ¢ is an oscillatory term as shown in eq. (4). The zone of con-
tact, however, is generally exceedingly small compared to the crack tip plastic zone and may
therefore be neglected[7].

The energy release rate, G, for extension of the crack along the interface for plane strain is
given by[4]
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The complications associated with nonzero ¢ and f may be circumvented by the approach
to bimaterial interface crack problems proposed by He and Hutchinson{8]. They have proposed
to systematically take § = 0 in the analysis of fracture specimens and subsequent application of
experimental data in failure predictions. Usually ¢ is very small and the effect of nonzero § is of
secondary importance.

In this investigation, a variation of Stern’s contour integral [9], in which the oscillatory
singularity is accounted for, was adopted. Hence, given the stress intensity factors K, and X,
from a finite element analysis, the fracture energy is then determined from eq. (7).

2.2, Analysis

Initially, the specimen is numerically calibrated to obtain the effective modulus of elasticity.
The effective modulus of elasticity is determined using the relation[10]
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where C is the initial numerical compliance of the notched specimen without crack and C gxp is
the initial compliance of the experimental splitting load vs crack mouth opening displacement
(CMOD) curve. The criterion used for crack initiation is K;.=0. The horizontal load that is
used in the experiment is applied and kept constant throughout the analysis. The analysis then
proceeded by applying the vertical load (within the experimental range) and incrementally
increasing the crack length along the interface in such a manner that the numerically obtained
CMOD matched with the experimental one. When the CMOD and the vertical load matched
the experimental one, then the mode I and II stress intensity factors were extracted. The Stern
contour integral method[9] was used to extract the bimaterial stress intensity factors. The energy
release rate in turn was computed from eq. (7).

The results of these analyses are presented in the form of plots showing the variation of
stress intensity factors and the energy release rate with crack length, Fig. 1{11]. Each of the
curves was characterized by three distinct parts: (1) pre-peak; (2) post-peak; and (3) kinked
crack. The pre-peak region of the curve shows the crack length and corresponding SIFs and
energy release rate within the interface before the peak load is reached. This gradual increase
of the computed SIF and G is equivalent to the formation of a fracture process zone which
in this case is approximately equal to 0.08 m. The post-peak solid line indicates the crack
length within the interface after the peak vertical load is reached. This indicates the portion
when steady crack propagation took place within the interface since the energy release rate is
nearly constant. After this constant region, there is an abrupt change in the slope of the
energy release curve. This abrupt change was interpreted as implying that kinking into the
adjacent material should have taken place since such a curved path requires less energy than
that for a colinear interface propagation. Hence, this part of the curve is differently labeled.
As seen from this figure, the stress intensity factor K| increases until the peak vertical load is
reached and thereafter decreases, but K, keeps increasing. The energy release, G, thus
obtained for steady crack propagation within the interface is about 70 N/m. The crack kinks
into the “rock” after travelling a distance of 0.3 m from the notch tip as compared to 0.37 m
in the experiment.

Figure 2 shows the results of Test MS5. In this test, greased steel plates were introduced in
the “rock™ side. We observe that in this case the crack remained within the interface only for a
very short distance, and then it branched at the first plate as was experimentally observed. The
energy required for crack propagation in the interface is consistent with the previous test and is
about 74 N/m. Table 1 illustrates the results of other tests.
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Fig. 1. Test M1: variation of stress intensity factors and energy release rate with crack length.
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Fig. 2. Test M3: variation of stress intensity factors and energy release rate with crack length.

2.3. Observations

The following observations can be made from the results of the linear analyses.

From the stress intensity factors and energy release rate vs crack length plots we observe that
cracking starts well before the maximum vertical load is reached. This phenomenon is mainly
responsible for the nonlinear behavior in the ascending branch of the vertical load vs crack
mouth opening displacement curve of the pre-peak region.

The average energy release rate or the energy required for crack propagation within the inter-
face is found to be 51 N/m as summarized in Table 1.

When the crack propagates at a steady rate within the interface, the energy release rate
remains almost constant and this constant is achieved only after reaching the peak vertical
load as seen in the fracture energy vs crack length plots. This implies that steady crack
propagation takes place only after the peak load is reached.

. Since the energy release rate remains constant for crack propagation within the interface, the

energy criterion seems indeed to be a more appropriate criterion for crack propagation in dis-
similar materials, whereas a stress intensity factor based one may not be reliable. Hence, for
a crack between two cementitius materials, the fracture energy can be used as a material

property.

. The ascending part of the energy release rate G is an indication of early formation of loca-

lized damage and its full understanding can only be achieved in the quantification of the frac-
ture process zone size through a nonlinear fracture mechanics analysis.

Table 1. Fracture toughness and fracture energy for crack propagation along bimaterial interface
from linear elastic analysis

K\ [MPaym (psiviin)l Ky [MPay/m (psiv/in)] G [N/m (Ibf/in)]

Test M1~ 0.638 (566.45) 0.622 (552.37) 70 (0.393)
Test M2 0.682 (605.58) 0.460 (408.52) 63 (0.354)
Test M3 0.806 (715.37) 0.435 (386.31) 38 (0.210)
Test M4 1.394 (1236.72) 0.802 (711.87) 58 (0.320)

1.233 (1094.33) 0.445 (394.73) 74 (0.416)
Mean value 0.948 (841.69) 0.553 (490.76) 51 .(0.279)

Standard deviation 0.299 (265.4) 0.142 (126.16) 16.13 (0.088)
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Fig. 3. Interface idealization and notations.

3. NONLINEAR FRACTURE MECHANICS

3.1. Model development

Contrary to the LEFM case, a nonlinear fracture mechanics model for a discrete crack
between two homogeneous cementitious materials is not yet available. Hence, we first extend
Hillerborg’s model[2] to account for mixed mode loading, and discuss its implementation within
the context of a discrete crack model in a finite element code[12].

In the present model, the rock—concrete contact is idealized as an interface between two dis-
similar materials with zero thickness. Thus, the objective is to define relationships between nor-
mal and tangential stresses with opening and sliding displacements. The notation used in the
interface model is illustrated in Fig. 3. The major premises upon which the model is developed
are as follows.

1. Shear strength depends on the normal stress.

2. Softening is present in both shear and tension.

3. There is a residual shear strength due to the friction along the interface, which depends on
the compressive normal stress.

4. Reduction in strength, i.e. softening, is caused by crack formation.

There is a zero normal and shear stiffness when the interface is totally destroyed.

6. Under compressive normal stresses neither the shear nor the normal stiffnesses decrease to
zero. In addition, should a compressive stress be introduced in the normal direction following
a full crack opening, two faces of the interface come into contact, and both tangential and
normal stiffnesses become nonzero.

7. Irreversible relative displacements are caused by broken segments of the interface material
and by friction between the two crack surfaces.

8. Roughness of the interface causes opening displacements (i.e. dilatancy) when subjected to
sliding displacements.

9. The dilatancy vanishes with increasing sliding or opening displacements.

w

Figure 4 illustrates the probable character of the fracturing process along an interface.
In the proposed model the strength of an interface is described by a failure function:

F = (1] + 13) — 2c tan(; ), — 0) — tan’(¢p)a” — 67) = 0 9)
where:

e ¢ is the cohesion;

® ¢r is the angle of friction;

® o, is the tensile strength of the interface;

e 7, and 1, are the two tangential components of the interface traction vector;
e ¢ is the normal traction component.
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Fig. 4. Interface fracture.

The shape of the failure function in the two-dimensional case is shown in Fig. 5, and corre-
sponds to the failure criterion first proposed by Carol er al.[13]. The general three-dimensional
failure function is obtained by mere rotation around the g-axis.

The evolution of the failure function is based on a softening parameter u

ieff

which is the

norm of the inelastic displacement vector w'. The inelastic displacement vector is obtained by de-
composition of the displacement vector u into an elastic part u® and an inelastic part u'. The
inelastic part can subsequently be decomposed into plastic (i.e. irreversible) displacements u”
and fracturing displacements u’. The plastic displacements are assumed to be caused by friction

between crack surfaces and the fracturing displacements by the formation of microcracks:
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where G{: and G }}"‘ are mode I and II fracture energies. s, W and sy, W, are the coordinates
of the breakpoint in the bilinear softening laws for cohesion and tensile strength, respectively.
The critical opening and sliding corresponding to zero cohesion and tensile strength are denoted
by w, and w,, respectively, and they are determined from the condition that the area under the
linear or bilinear softening law must be equal to G L and G113, respectively. The significance of
these symbols can best be explained through Fig. 6. It should be noted that G }' is not the pure
mode II fracture energy (i.e. the area under a t—u, curve), but rather is the energy dissipated
during a shear test with high confining normal stress. This parameter was first introduced by
Carol et al.[13] in their microplane model. This representation seems to be more favorable to
the pure mode II fracture energy G }. The determination of G I! would require a pure shear test
without confinement, which is extremely difficult to perform. Alternatively, a G }* test requires a
large normal confinement, and is therefore easier to accomplish. Furthermore, if G} is used, the
whole shear-compression region of the interface model would be an extrapolation from the
observed behavior, whereas the second approach represents an interpolation between the upper
bound G II* and the lower bound G }..

The residual shear strength is obtained from the failure function by setting both ¢ and o,
equal to 0, which corresponds to the final shape of the failure function in Fig. 5 and is given by:

w

Fig. 6. Bilinear softening laws.
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Fig. 7. Stiffness degradation in the equivalent uniaxial case.

T2+ 13 = tan’(¢p)a’. (13)

Stiffness degradation is modeled through a damage parameter, D € (0, 1), which is a relative
measure of the fractured surface. Thus, D is related to the secant of the normal stiffness K, in
the umaxial case:

—é[——l.__K“S

D= =
A(l Kn()

(14)
where K. is the initial normal stiffness of the interface; 4y and A; are the total interface area
and the fractured area, respectively. It is assumed that the damage parameter D can be deter-
mined by converting the mixed mode problem into an equivalent uniaxial one (Fig. 7). In the
equivalent uniaxial problem the normal inelastic displacement is set equal to . Then, the
secant normal stiffness can be determined from:
ic]T) ieff)

g au o(u
Kns = =

U= W u U — P o) Ky + (1 — p)uie

(15)

where y is the ratio of irreversible inelastic normal displacement to the total value of inelastic
displacement. Experimentally, y can be determined from a pure mode I test through:

y ==L (16)

U

where « is the residual displacement after unloading and «' is the inelastic displacement before
unloading (Fig. 7). For concrete, y is usually assumed equal to 0.2 (Dahlblom and Ottosen[14])
or 0.3 (Alvaredo and Wittman[15]). Then, the evolution of the damage parameter D is defined
by the formula:

icff
D=1- o (uh) _Z(((:l_;)uieffKno (7)
which is obtained by substituting eq. (15) into eq. (14).
The stress—displacement relationship of the interface is expressed as:
6 = xE(u — uP), (18)
where: (a) ¢ is the vector of tangential and normal stress at the interface:
o ={r, .0}, (19)

(b) o is the integrity parameter defining the relative active area of the interface, and is re-
lated to the damage parameter D:
lo| + o
D
2|o|

a=1- (20)
It should be noted that  can be different from one only if the normal stress ¢ is positive (i.e.
the interface is in tension). In other words, the damage parameter D is activated only if the
interface is in tension. In compression, the crack is assumed to be closed, and there is full con-
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tact between the two crack surfaces. The activation of D is controlled through the fraction
(le| + 6)/2|o|, which is equal to one if o is positive, and is zero otherwise.
(c) E is the elastic stiffness matrix of the interface:

Ko 0 0
E=| 0 Ko 0 | 2n
0 0 K

It should be noted that the off-diagonal terms in the elastic stiffness matrix E of the interface
are all equal to zero, which implies that no dilatancy is considered in the elastic range. The dila-
tancy is introduced later after the failure limit has been reached through the iterative solution
process. The dilatancy of the interface is given by dilatancy angle ¢4, which is again assumed to
be a function of 7. In the proposed model. a linear relationship is assumed:

L lief r

pa(u") = ¢dn( - )Vuierf <ugi)

Ui
(bd(uic") = v > uy (22)

where uy; 1s the critical relative displacement after which the interface does not exhibit the dila-
tancy effect any more, and ¢4 is the initial value of the dilatancy angle.

3.2. Analysis

Based on the preceding model which was implemented in a special purpose finite element
code[16], nonlinear analysis on the bimaterial specimens is carried out. The numerical values for
the normal stiffness (K),) and tangential stiffness (K;) are computed from known values of the
elastic modulus and Poisson ratio of the two materials on either side of the interface. using the
following relations:

E,
K, = 7" (23)
- (24)
Y721 var)

where E.g=0.5(E| + E5), veg=0.5(vy +v,), E|, E>, v; and v, are the elastic modulus and Poisson
ratio of the two materials on either side of the interface, respectively; ¢ denotes the thickness of
the interface, which is assumed to be around 0.1 units in the analyses performed. It should be
noted that the ratio Eey/K,~0.1 corresponds to the assumption of interface thickness being
equal to 0.1 times a unit length of the problem. which is quite reasonable. In some analyses. the

Displacements prescribed
incrementally

-
— -—
o ) —
- Tractions Tractions — é
= -— ]
&
C
S
- D -—
) o 3 " e
— Tractions { Tractions -— . P |
v pam—
-
b ¢ CMOD

—Kj _(_ 2_ Regulcor Plot

Fig. 8. Boundary conditions and finite element discretization.
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thickness of the interface and hence the normal and tangential stiffness are determined by data
fitting in the elastic region.

Hence, from the nonlinear analyses on the bimaterial specimens we seek to determine the
material parameters for rock/concrete interfaces on the basis of experimental ones.

The finite element discretization and the boundary conditions are shown in Fig. 8. Three-
noded triangular plane stress elements are used for simulated rock, concrete, top backing plate
and bottom backing plate. Four-noded interface elements are provided along the bimaterial
interface. The backing plates used for the front and rear side of the specimen in the experiment
are substituted by linear truss elements in the numerical analysis. The confining compressive
forces or the horizontal load are applied as tractions on the side steel plates and this is kept con-
stant throughout the analysis.

The analysis is carried out by incrementally increasing the displacement at the top of the
specimen (Fig. 8). Displacement increments of 0.05in are imposed during the first four or five
increments. Thereafter, smaller increment sizes ranging from 0.01 to 0.001 in are used until the
end of the analysis.

Cracking is assumed to begin when the maximum principal stress reaches the tensile
strength of the interface. The direction of crack propagation is assumed to be along the direc-
tion of the minimum principal stress. Whenever the maximum principal stress reaches the tensile
strength at the crack front, the crack is extended by a small amount. Interface elements are pro-
vided along the new crack and the analysis continued until final failure, i.e. when the crack
extends to the full length of the specimen.

The fracture parameters in the numerical analyses using the interface crack model are
shown in Tables 2 and 3 for interface and kinked cracks (kinked into “‘rock”), respectively.
Since a linear softening law for tension and cohesion was assumed for all the analyses, the
values of parameters s, sw;, ¢; and cw,; are all considered to be zero. The values for the angle

Table 2. Fracture parameters for the interface crack

Test M1 M2 M3 M4 M5
Normal stiffness (107 psi) 4.45 4.45 3.42 3.68 9.83
Tangential stiffness (107 psi) 1.89 1.89 1.45 1.56 4.16
Tensile strength (psi) 120 120 120 225 250
Cohesion (psi) 220 320 320 420 450
Friction angle (deg) 60 St 55 60 60
Dilatancy angle (deg) 45 45 45 40 45

G (Ibjin) 0.35 0.34 0.35 0.45 0.35
G} (Ib/in) 1.05 1.05 1.05 1.05 1.05
M 0.15 0.15 0.15 0.15 0.15
up,,. (in) 0.50 0.50 0.50 0.50 0.50
51 (psi) 0.00 0.00 0.00 0.00 0.00
sw) (in) 0.00 0.00 0.00 0.00 0.00
¢y (psi) 0.00 0.00 0.00 0.00 0.00
owy (in) 0.00 0.00 0.00 0.00 0.00

Table 3. Fracture parameters for kinked crack

Test Mt M2 M3 M4 MS
Normal stiffness (107 psi) 5.55 5.55 3.70 3.85 3.71
Tangential stiffness (10’ pst) 2.35 2.35 1.57 1.63 1.57
Tensile strength (psi) 120 120 120 120 120
Cohesion (psi) 220 220 220 220 220
Friction angle (deg) 60 51 55 60 60
Dilatancy angle (deg) 45 45 45 40 45
Gi: (Ibjin) 0.35 0.34 0.35 0.45 0.35
G} (Ibjin) 1.05 1.05 1.05 1.05 1.05
v 0.15 0.15 0.15 0.15 0.15
up,,, (in) 0.50 0.50 0.50 0.50 0.50
1 (psi) 0.00 0.00 0.00 0.00 0.00
swy (in) 0.00 0.00 0.00 0.00 0.00
¢y (psi) 0.00 0.00 0.00 0.00 0.00

awy (in) 0.00 0.00 0.00 0.00







