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Abstract—An experimental investigation on the mixed mode response of concrete interfaces is reported.
Large simulated rock/concrete bimaterial specimens are subjected to the complex stress field that exists
along a dam/foundation interface. Based on the observed crack trajectory, and on the recorded loads
and displacements, important qualitative conclusions are drawn.

It was observed that a crack which initiates at the interface is likely to kink into the adjoining rock
when subjected to mixed mode loading as in a dam, and that the overall interface strength is only
slightly affected by the curvilinear crack. ¢ 1998 Elsevier Science Ltd. All rights reserved
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1. INTRODUCTION

IT 1s well known that the dam/foundation interface is one of the potential sites of crack growth
which eventually leads to the weakening of the structure and to the formation of conduits for
water to seep through and exert uplift pressure. Yet little attention has been paid to study
interface cracks in general, and the effect of mixed mode loading in particular.

Currently, it is assumed that a crack, once initiated, propagates collinearly along the inter-
face of dam and foundation. To the best of the authors’ knowledge, no experiment has been
reported confirming this. As part of a research project dealing with the safety of concrete dams,
investigations into the mechanical behavior of a bimaterial interface were undertaken. Whereas
fracture of concrete and rock has been and is being extensively studied[1, 2], there is a lack of
knowledge as far as the fracture behavior of rock/concrete interface under mixed mode loading
condition is concerned. The only known experimental work on rock/concrete interfaces imposed
to shear load is reported in ref.[3].

In this work, a comprehensive experimental program has been undertaken for carrying out
mixed mode experiments on large scale simulated bimaterial specimens. For this purpose, a
biaxial testing machine has been designed and set up by expanding on an existing servo-
hydraulic, one million pounds vertical capacity, uniaxial testing machine. Realistic, combined
normal and shear stresses are subjected on large, simulated rock and concrete specimens to
evaluate the joint strength and to study the conditions under which the crack would depart
from the interface and dip into the rock.

Hence, the main objectives of the reported investigation[4] are as follows.

1. To determine the effects of combined normal and shear loads on a bimaterial interface.
Considering a rigid dam/foundation interface, the normal stresses are linear while the shear
stresses are constant.
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Fig. |. Modeling of the entire dam/foundation interface.

2. To investigate the conditions under which crack propagation at the rock/concrete interface
or crack departure takes place.

3. To determine the actual interface strength on the basis of large specimens subjected to
realistic load combination and history.

4. To determine the effect of bedding planes in the rock on the strength of the interface.

2. EXPERIMENTS

2.1. Experimental requirements

The loading device had to be designed so as to serve two main experimental tasks, which
are the following.

1. Modeling of the entire dam/foundation interface as shown in Fig. 1. This task seeks to simu-
late the mechanical behavior of the complete dam/foundation interface and improve the
understanding of the crack propagation direction.

2. Modeling of an “infinitesimal” element within the dam/foundation interface as shown in
Fig. 2. This task seeks the quantification of important fracture parameters such as fracture
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Fig. 2. Modeling of an “infinitesimal’" element within the dam/foundation interface.
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Fig. 3. Front view of the biaxial testing machine.
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Fig. 4. Picture of cracked specimen.
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energy in mode II, angle of internal friction, dilatancy angle, which would be required in
fracture mechanics based finite element models.

Whereas for the first task a normal stress gradient had to be created at the interface, a uni-
form normal stress distribution was required for the second task. Keeping this in mind, a case
study of the stress distribution at the interface of dam and foundation was done for a typical
gravity dam (taken from the FERC manual[5]). This helped in estimating the required loading
capacity of the testing apparatus and also to plan the experimental set-up[4]. In order to meet
the experimental requirements of load application in two directions, a new loading frame has
been designed by extending the existing vertical 1000 kips capacity hydraulic MTS machine.

2.2. Design of loading device

The equipment consists of a million pound MTS testing machine for applying load in the
vertical direction and two additional actuators for applying the load in the horizontal direc-
tion. The load in the vertical direction is used to simulate hydrostatic forces while the hori-
zontal load is used to apply the gravity load of the dam. Each of these two horizontal
actuators has a capacity of 120 kips in tension and 150 kips in compression. This combined
loading device operates with load frequencies ranging from 0 to 10 Hz. The two actuators,
which apply the loads in the horizontal direction, operate under closed-loop control and are
suspended from a set of reaction frames which can move freely and independently in the hori-
zontal direction and would also help in maintaining the loads in a straight line. Also, to pre-
vent any reactive vertical forces on the horizontal loading frames, a pair of sliding Teflon
bearings is used at the load application points of the specimen. Teflon bearings were con-
sidered since their coefficient of friction is low and of the order of about 3%. A pictorial view
of the equipment is shown in Fig. 3.

2.3. Specimen size

The specimen consists of two geometrically identical blocks. The first is made of high
strength concrete simulating the foundation, and the second simulates the concrete dam. Each
of these blocks is 30in high, 20in long and 10in thick (the actual interface cross-section is
10 x 20 in?). Steel plates of 1in thickness were bolted to the specimen end faces. In addition,
0.75in thick steel plates were bolted on the front and rear side of the specimen to increase the
bending stiffness of the 1 in steel plates at the specimen end faces.

2.4. Measuring system

As mentioned earlier, three hydraulically driven and independently controlled actuators are
present in the new mixed mode experimental set-up. The vertical load is measured with the help
of an MTS load cell. The horizontal loads are measured with the help of voltage signals received
from a set of eight semiconductor strain gages, assembled on each horizontal reaction frame
and connected in full wheatstone bridge configuration.

The crack mouth opening displacement (CMOD) and the crack sliding displacement (CSD)
were measured with the help of an MTS clip gage and a set of proximity probes. In addition,
acoustic emission signals were recorded with the help of an acoustic emission sensor that was
attached close to the interface. For stable crack growth and to capture the post-peak response,
testing had to be done under deformation control. The CMOD (series M) or the CSD (series S),
respectively, served as the control parameter and was increased monotonically throughout the
test. During the test, data were scanned at fixed time intervals using a PC based data acquisition
program. A typical scan consists of signals received from the vertical load cell, two horizontal
semiconductor strain gage sets, a clip gage, two proximity probes and the acoustic emission sen-
sor. In some tests, electrical resistance strain gages were also attached to the specimen along the
interface to study the variation of the normal stress.

2.5. Test matrix

Two series of tests were carried out on large scale simulated rock/concrete specimens.

® Series M. A set of five tests was performed in this series wherein the interface was subjected
to normal force, shear force and an overturning moment as shown in Fig. |. This type of
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loading arrangement was adopted to simulate the complete dam/foundation interface with the
objective of studying the mechanical behavior of the interface and to observe the crack propa-
gation scenario. These five experiments were performed by changing the following parameters:

1. normal or confining stresses on the interface;
2. boundary conditions;
3. introducing bedding planes in the simulated rock.

e Series S. In this series, a set of three tests was performed wherein the interface was subjected
to uniform normal and shear stresses, as shown in Fig. 2. The main idea here was to simulate
an “infinitesimal” element within the dam/foundation interface in order to extract important
interface material properties such as the angle of internal friction, cohesive strength, fracture
energy in mode II, that are required in the nonlinear fracture mechanics based numerical
analysis. The three tests were performed with different degrees of confinement (normal stress).
When the interface was totally damaged or broken, sliding tests were performed with different
confining stresses in order to extract the shear strength parameters.

Table 1 shows the complete test matrix of all the eight tests performed.

2.6. Specimen preparation

The bimaterial specimens were prepared by simulating rock with high strength (modulus)
concrete. The rock portion was cast first and a day later the concrete portion was cast over it,
thus providing a cold jointed interface. Before casting the concrete portion, the interface was
cleaned with a wire brush. The maximum size of coarse aggregates used was 1.5in, so as to be
consistent with the actual dam concrete used in practice. The forms were stripped after two days
following casting and the specimens were cured in a steam room with 90% humidity for more
than 21 days. 3 in diameter concrete cylinders were cast in order to determine the uniaxial com-
pressive strengths of the mix used. In one of the tests carried out under series M, the rock por-
tion contained two greased plates at different locations of the interface, placed at an angle to
simulate bedding planes of rock.

It may be noted that placing concrete on top of the high modulus concrete after one
day results in a different shrinkage strain field than the one which would be present in the
vicinity of a rock/concrete interface. This is caused by the concrete base undergoing shrink-
age deformations contrary to solid rock. However, the shrinkage deformations of the concrete
base will be smaller because of its lower water:cement ratio than the one on top of it
Furthermore, a considerable amount of the shrinkage deformation is taking place during the
first day after casting and would have already taken place before casting the other layer.

3. EXPERIMENTAL OBSERVATIONS

Typical experimental findings are presented here for series M and S. Results of the tests are
shown in the form of vertical load vs CMOD and vertical load vs CSD plots. The respective

Table 1. Test matrix for the mixed mode tests

Specimen Upper confining Lower confining
number load (kN) load (kN) Remarks

Series M
M1 50 135 Simulating 52 m (170 f1) gravity dam
M2 72 202 Simulating 60 m (200 ft) gravity dam
M3 50 135 Similar to Test M1
M4 44 132 Similar to Test M1
M35 0 98 With rock bedding planes

Series S
S1 68 68 Simulating shear stress in 52 m (170 ft) dam
S2 178 178 Simulating shear stress in 75 m (250 ft) dam

S3 135 135 Simulating shear stress in 60 m (200 ft) dam
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crack patterns are also shown. It should be noted that vertical load represents the hydrostatic
load of the simulated dam. A picture of a cracked specimen is shown in Fig. 4.

Figure 5 shows the boundary conditions and the crack pattern obtained for Test M2. The
normal loads and the boundary conditions used here cause a stress distribution similar to that
which is caused in a gravity dam of height 235 ft with 10% overtopping. As in all tests of series
M, the crack dips into the simulated rock. The specimen has a substantial load carrying capacity
after reaching the peak, as implied by Fig. 6. It was found that the post-peak load carrying ca-
pacity strongly depends on the confining stresses. In Test M5, as shown in Fig. 7, two greased
plates were embedded at an angle to the interface in the rock portion of the specimen to simu-
late bedding planes that are present in rock foundations. Figure 8 shows the set-up and crack
pattern for Test S3. The confining load that was used in this test produces a similar stress distri-
bution as that in a 60 m high gravity dam. It was found that the crack apparently starts at the
interface and finally kinks into the materials on either side of the interface. The specimen had a
very high shear carrying capacity after the peak due to frictional forces in the presence of high
confinement.

The qualitative conclusions that can be drawn from the mixed mode tests performed on
bimaterial specimens are as follows.

3.1. Cracking pattern

In all tests done under series M, the crack was initiated at the notch tip, propagated along
the interface and finally dipped into the simulated rock. This is due to the presence of relatively
high shear stresses at the interface that guide the crack into the rock. Also, as seen in Fig. 7, the
presence of a joint in the rock will attract a crack, which would then propagate along its direc-
tion.

Similar cracking features were observed in centrifuge tests performed on scale models
of concrete dam on rock foundation [6,7]. Figure 9 shows the crack pattern for one of the
specimens tested in the centrifuge. As illustrated in this figure, the crack had kinked into the
rock.

3.2. Effect of confinement on maximum vertical load

Figure 10 shows the bar chart which depicts the effect of the confining normal loads on the
maximum vertical load. The numbers inside the bar chart represent the upper confining load/
lower confining load in kilonewtons. It is seen that there is a strong influence of the confining
load on the maximum vertical load. In series M tests, the vertical load which causes an over-
turning moment and shear along the interface increases for higher normal loads. In other
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Fig. 8. Test S3: loads and crack pattern.
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Fig. 10. Bar chart showing the effect of confinement on the maximum vertical load.

words, it can be inferred that the hydrostatic load capacity in a gravily dam increases as the
gravity dead load increases, which technically makes sense. Also, from series S tests, wherein the
vertical load causes a pure shear along the interface. it can be observed that the shear capacity
of the interface increases with an increase in the confining load. The reason for this may be
attributed to a strong aggregate interlock and friction which offers high resistance to crack
sliding and crack opening under increased normal loads.

3.3. Effect of confinement on crack opening

For the tests carried out under series M. wherein the interface of the specimen was sub-
jected to a linear normal stress field, it is seen from Table 2 that the crack mouth opening at
peak load does not correlate to the applied confining load. However. not enough tests were
undertaken to reach a more definitive conclusion.

Under series S tests, wherein the interface was subjected to pure shear, the crack opening
which indicates the effect of dilatancy is very small. However, not enough tests were carried out
to arrive at a sound conclusion.

3.4. Shear strength parameters

The test results of the specimens under series S whose interface was subjected to normal
and shear stresses only were used in evaluating the shear strength parameters, namely the angle
of internal friction and cohesion. Figure 11 shows the plot of normal stress vs shear stress
obtained from the experiments SI, S2 and S3 using the maximum shear strength values of the
undamaged interface. It is seen that the angle of internal friction obtained is 51" and the cohe-

Table 2. Crack opening at maximum vertical load

Upper confining Lower confining CMOD at maximum  Maximum vertical

Test load (kN) load (kN) vertical load (mm) load (kN)
Series M

M1 50 135 0.20 480

M2 72 202 0.18 720

M3 50 135 0.15 480

M4 44 132 0.08 620

MS 0 95 0.08 310
Series S

S1 68 68 540

S2 178 178 800

S3 135 135 - 710
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Fig. 11. Shear strength parameters.

sive strength is 320 psi. On the same plot, the results of the Rivelstoke Project[3]. where in situ
shear tests on rock/concrete interface were done, are superposed.

Table 3 presents the summary of angle of friction and cohesion values for different
contacts.

3.5. Fracture energy in mode 11

One of the main objectives in conducting the shear tests with high confinements (series S)
was to obtain the fracture energy of the interface in mode II. The vertical load vs CSD result of
test S3 was used because the complete post-peak response could be obtained. The area under
this curve divided by the ligament length gave the fracture energy in mode Il under high con-
finement to be 186.9 N/m (1.05 Ib/in). This value was necessary for its use in nonlinear fracture
analysis using the Interface CrackModel[9].

4. CONCLUSIONS
The qualitative results of mixed mode tests are summarized as follows.

1. From the crack patterns of the series M tests, it can be concluded that a concrete/rock inter-
face crack is likely to dip into the rock due to the presence of relatively high shear stresses.

2. This downward curvature of the crack into the rock will result in a longer uncracked liga-
ment, hence much increased safety factors against sliding.

3. As seen from the vertical load vs CMOD curves of the tests done under series M, the speci-
men has a tremendous vertical load carrying capacity after reaching the maximum load. The

Table 3. Angle of friction and cohesion for different contacts

Item Interface type and source Friction angle () Cohesion (psi)

1 “Rock™/concrete (present work) 51 320

2 Rock/concrete (Rivelstoke Project[3]) 54 240

3 Granite/concrete (Stone and Webster(8]) 54 183

4 Sandstone/concrete (Stone and Webster[8]) 65 260
Concrete/concrete (lift) (Stone and 57 310

5 Webster [8])







