CENTRIFUGE MODELING AND ANALYSIS OF CONCRETE GRAVITY DAMS

By Giovanni Plizzari,' Member, ASCE, Fletcher Waggoner,? and
Victor E. Saouma,®* Member, ASCE

ABsTRACT: In gravity dams, crack growth is inhibited by gravitational effects; thus, correct model testing
can only be accomplished in a centrifuge where the gravitational field is inversely proportional to the scale.
Following an overview of centrifugal testing, this paper reports on the first centrifuge testing of concrete
gravity dam models. Test results are then contrasted with numerical predictions using fracture-mechanics-
based finite-element analysis. The paper concludes with recommendations for further investigation on this

new and innovative testing technique.

INTRODUCTION

Over the last decade, dam safety has become an issue of
great concern in the United States and elsewhere. This con-
cern results from a series of dam failures and near failures
that occurred during the 1960s and 1970s in many Western
nations. The focus of safety studies varies from one dam type
to another; however, in the case of concrete gravity dams the
effort has been on improving the modeling capability. Little
work has been done on improving the rudimentary approach
to the stability analysis of gravity dams. Although the design
and construction of arch dams has introduced three-dimen-
tional finite-element analysis to the industry, in addition to
the lack of modern analytical methods, the increased atten-
tion to dam safety coincided with the introduction of a more
rigorous design criterion for flood conditions, that is the prob-
able maximum flood. In response to the challenge of evalu-
ating older dams under higher flood levels, research was in-
itiated worldwide to develop new computational techniques.
Those methods were initially based on the finite-element
method but followed the conventional, linear elastic ap-
proach. More recently, the concept of fracture mechanics of
concrete was investigated and analytical models were devel-
oped (Fracture 1989; Saouma et al. 1990; Proceedings 1991b;
Yaozhong 1991).

Model testing of gravity dams is more complex than that
of most other major structures such as buildings, bridges, and
arch dams. This is caused by the presence of gravitational
forces, which, in a model, must be inversely proportional to
the prototype. Thus, for gravity stresses to be simulated prop-
erly, it is necessary to test a 1/\ scale model in a gravity field
that is A times stronger than the one experienced by the pro-
totype (1g) (Scott and Morgan 1977). As a result, it is evident
that the most convenient environment to satisfy this require-
ment is within a centrifuge.

Historically, most centrifuge applications in civil engineer-
ing have pertained to geotechnical problems such as the soil’s
response being strongly affected by its own gravity load (Pro-
ceedings 1991a). Among concrete structures, gravity dams
represent an ideal structure where gravitational effects, both
in terms of self-weight stabilization and upstream hydrostatic
water pressure loads, play a dominant role in structural be-
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havior. Thus, by testing concrete gravity dam models in a
centrifuge, it is possible to reproduce the same stress and
strain fields as those of the prototype.

This paper presents the first known calibrated testing of
concrete gravity dams to failure in a centrifuge. Scale models
of typical dam sections were built to a height of 2 ft (0.6 m)
and were subjected to gravitational accelerations up to 100g.
The dam models were of two types: (1) a concrete model in
which the dam and foundation were cast monolithically; (2)
a concrete dam poured on a rock block (foundation). Each
model had a flexible membrane wrapped around its upstream
face in order to contain the hydrostatic forces. The models
were then placed in a basket on the centrifuge arm and ramped
up to the target gravitational acceleration. At that point, the
instrument readings were initialized and recorded. Water was
released from reservoirs on the centrifuge arm and contained
upstream by the dam model and the membrane. Water was
first allowed to reach the dam crest; next, overtopping was
simulated by applying air pressure to the top of the reservoir
until failure of the dam occurred. The experimental results
were compared with fracture-mechanics-based finite-element
analyses and excellent correlation was demonstrated.

LITERATURE SURVEY

In civil engineering applications, centrifuge tests have been
almost exclusively used in geotechnical applications (Pro-
ceedings 1991b), where the soil’s response is strongly depen-
dent on the gravitational field to which it is subjected. Ko
(1988a) gives a summary of the state of the art in centrifuge
modeling and testing and illustrates the principal character-
istics of centrifuge experimentation. Schofield (1988) de-
scribes the centrifuge modeling principles and possible errors
in the centrifuge acceleration field. Scott (1988) discusses
physical and numerical models and scaling relations; further,
he illustrates model test results and analyses of several pub-
lished papers. Finally, Fuglsang and Krebs Ovesen (1988)
describe how model laws are derived through dimensional
analysis or from the different equations that govern a phe-
nomenon. In addition, some experiments performed to in-
vestigate size effect in granular soils are shown.

Parallel to the efforts in geotechnical centrifuge testing of
soil, there is an increased interest in the application of fracture
mechanics to concrete structures in general (Proceedings 1992;
Fracture 1989) and concrete dams in particular (Saouma et al.
1990; Proceedings 1991; Yaozhong 1991). The U.S. Bureau
of Reclamation, the U.S. Army Corps of Engineers, and the
Electric Power Research Institute have all recognized the
potential application of fracture mechanics to the analysis of
cracked concrete dams (Brithwiler and Wittmann 1990;
Brithwiler and Saocuma 1993; Reich et al. 1993; Saouma et al.
1987; Proceedings 1991). This extensive research was rec-
ognized by the U.S. Army Corps of Engineers through an
Engineering Technical Letter (Brithwiler and Saouma 1991),
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which requires a fracture mechanics investigation prior to the
rehabilitation of cracked massive concrete structures.

Centrifuge testing of dam models was performed in the
early 1960s in Japan (Takata and Kuribayashi 1961). Plexiglas
models of a dam cross section (about 20 cm in height) were
subjected to a high g field while they were heated to freeze
the stress pattern. For obvious reasons, only gravitational
load was applied and the effect of hydrostatic pressure was
neglected. In addition, experimental centrifuge tests were un-
dertaken in the former Soviet Union but did not yield sig-
nificant results; thus, there were no scientific publications
(Trapeznikov, personal communication, September 1991).

The centrifuge testing of fractured experiments is a new
discipline. However, a pioneering paper of Palmer and Rice
(1973) highlights the inadequacy of centrifuge testing when
a material’s response is governed by a stress-displacement
relationship, as is the case for overconsolidated clay in terms
of shear stresses and sliding displacement relationships. This
is caused by the 1:1 scaling relation for stress and the 1:A
scaling relation for displacement. Thus, softening material,
such as concrete, cannot be adequately tested in a centrifuge
if the fictitious crack model of Hillerborg et al. (1976) is used,
unless an artificial design mix is prepared. Alternatively, lin-
ear elastic fracture mechanics models can be used for models
tested in a centrifugal environment. This was verified in early
tests by Broz et al. (1991) in which the scaling relation for
stress intensity factors was investigated. Tests of both alu-
minum and mortar compact tension specimens were under-
taken in a 1g and 100g environment, and results were com-
pared favorably with the theoretical scaling factor derived
from Buckingham’s Law.

CENTRIFUGE TESTING

As reported by Ko (1988a), centrifuge modeling had been
proposed for testing bridge models as early as 1869. However,
the concept of using a centrifuge to replicate the effects of
body forces in scaled earth structure models was not realized
until circa 1930 when, Bucky et al. (1935) in the United States,
and Pokrovskii and Fiodorov (1936) in the USSR, began using
centrifuges in this application. This pioneering work paved
the way for numerous research studies, and currently there
are numerous geotechnical centrifuges worldwide.

Physics of Centrifuge Experimentation

Given the finite radius of a centrifuge arm, the gravitational
field variation along the specimen height must be accounted
for. When an elementary particle is subjected to a constant
angular velocity w, the radial acceleration is given by

a, = rw? (1)

»

For a model of finite size, subjected to a constant angular
velocity, the centrifugal force will depend on the radius r.
Letting r, be the radius to a point on the surface of the model,
where the gravitational self-weight stress is zero and r; is the
radius where the stress is g, the differential change in radial
stress due to self weight for a differential change in radius
will be

do = pa,dr 2)

where p = material mass density. Substituting for a, from (1)
and integrating between r, and r;, (2) yields the expression
for the stress in a model at »;

g; = (P_;ﬁ) (ri + ro)(ri — ry) 3

If the model height is small when compared with the radius
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of the centrifuge arm, we have (r, + r;) = 2r,, and defining
(r; — r,) = A, (3) becomes

o; = pwzr(lAr (4)

When the linear approximation of stress distribution along
the model can be adopted, the stress at any point / in the
prototype is given by

GProPe — pgh(r; — 1) ®)

where \(r;, — r,) = distance from the top (r = r,) to the
point i(r = r;) in the prototype. Using the linear model of
(4) with A, = (r; — r,), and equating it to (5), we obtain

w?r,
8

Alternatively, if the model height is not negligible com-
pared with the centrifuge radius, then the more precise quad-
ratic stress distribution must be adopted. Thus, equating the
model stress [(3)] to the prototype stress [(5)], at any geo-
metrically similar point, yields rearrangement

A= (6)

»?
A= 2(’: + r) N

Should we seek a unique representative constant scaling fac-
tor, we can take r; to correspond with the distance from the
centrifuge axis to the model’s centroid; thus, being r, = 7y,p.
the scaling factor will be given by

o

w
A= @ (rccntrnid + rtop) (8)
For the centrifuge and model used in this research, Fig. 1
illustrates the varying g field along the specimen height.

Laws of Similitude

A true model of a prototype must satisfy all the appropriate
laws of similitude. Although there can be more than one
approach to derive those similitude (Beggs et al. 1933), the
most commonly used one is based on the Buckingham II
theorem.

Centrifuge Modeling

In model testing, it is imperative to extrapolate model mea-
surements in order to represent actual prototype behavior.
The scaling relations used for this extrapolation must first be
found and verified. Since prototype monitoring is often im-
practical and costly, an available alternative is the concept of
the “modeling of models,” an approach that has evolved to
verify scaling relations and provide a verification of centrifuge
modeling (Ko 1988a). This concept, illustrated by a logarith-
mic plot in Fig. 2 in terms of g-level and model size, was first
introduced by Christensen and Bagge (1977). Lines of 45°
indicate centrifuge tests of the same prototype, since D) =
AD,,, where D, is the prototype dimension, D,, is the model
dimension, and \ is the g-level multiplier. Given a prototype
represented by point A, two possible models of this proto-
type can be investigated. The first one at the one-tenth scale
and the second at the one-hundredth scale. These models are
represented by points A, and A, respectively, and should be
tested at acceleration factors of 10 and 100, respectively. These
two models are not only models of the same prototype, but
are also models of each other. Thus, if prototype monitoring
is not possible, A, and A, can be compared versus each other
and their results can be extrapolated to predict the prototype
performance. Such comparisons between A, and A,, as well
as other possible models along the line A, A, A,, give a method
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FIG. 1. Experimental g-Level Distribution for Monolithic Concrete Dam Models

for scaling relation validation (Ko 1988a). In summary, the
concept of modeling of models lies in verifying the reliability
of experimental results by testing at least two different scale
models; the results are then compared to verify the scaling
relations in addition to the choice of model material. A, and
B, are not models of one another, because their comparison
will delineate size effects in the testing scheme. Similarly, B,
and A, are also not models of one another, because their
comparison will determine increased gravitational stress ef-
fects (Ko 1988a). In many centrifuge tests the size of the
model is governed by physical space limitation inside the cen-
trifuge. With seemingly overly small models, the question of
model boundary effects invariably rises. These model bound-
ary effects can be delineated and deemed significant or not
by using the concept of the modeling of models as well.
Regarding the potential scaling of material particle size,
this effect can be neglected if the continuum is homogeneous

and does not directly interact with other components. Such
material size effects may occur in the grain-pile or grain-
foundation interaction in geotechnical applications (Fuglsang
and Ovesen 1988) or, as indicated in the following section,
in the fictitious crack model, where the aggregate size of
concrete directly interacts with the crack opening.

TEST DESCRIPTION

Centrifugal experiments on concrete gravity dam models
were undertaken with the following objectives:

1. To simulate dam failure through overtopping.

2. To examine the crack trajectory.

3. To correlate experimental measurements with both clas-
sical methods of analysis and fracture-mechanics-based
finite-element simulations.
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This was accomplished by testing a series of 2 ft (0.6 m)
high models subjected to 100g at the platform top, thus sim-
ulating the response of approximately (due to the variation
of the g-level along the specimen height) 174 ft (53 m) high
prototypes.

The essence of the test consisted of subjecting instrumented
models to the 100-g base acceleration, initializing the instru-
mentation (since displacements or strains caused by dead weight
were not considered), and then impounding the dam by rais-
ing the water level. Finally, once the water level had reached
the crest, failure by simulated overtopping was induced by
the application of compressed air at the top. Further details
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TABLE 1. Concrete Material Properties used in Numerical Anal-
ysis

fé f, f, E. P
Specimen (psi) (psi) (psi) (ksi) (pcf)
(1) (2 (3) 4) (5) (6)
MC-A-100 2,400 525 262 2,700 132
(16.55)* | (3.62)" (1.81)* | (18,620)* | (2,115)"
MC-B-100 2,950 825 412 2,200 133
(20.34)* | (5.70)" (2.85)* | (15,170)* | (2.130)"
MC-C-100 2,950 825 412 2,200 133
(20.34)* | (5.70)* (2.85)* | (15,170)* | (2,130)°
MC-D-100 2,900 650 325 2,500 134
(20.00)* | (4.48)" (2.24) | (17,240)* | (2.146)"
MN-A-100 2,900 650 325 2,500 134
(20.00)*> | (4.48)" (2.24)* | (17,240)* | (2.146)"
RC-A-100 4,900 950 475 3,250 134
(33.78)" | (6.55)* (3.27)* 1 (22,400)* | (2,147)°
RC-B-100 4,900 950 475 3,250 134
(33.78)* | (6.55)" (3.27)* | (22.400)* | (2,147)°
RC-C-100 4,600 990 495 3,500 131
(31.72)* | (6.83)" (3.4 [ (24.130)* | (2,100)"
*In MPa.
°In kg/m*.

FIG. 4. View of Model Container and Dam Models
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FIG. 6. Crest Displacement and Downstream Stress Measurements with Predictions for MC-D-100, MN-A-100, and RC-C-100 Specimens

on the experimental setup can be found in Waggoner et al.

(1992).

Dam Model Description and Preparation

Two different types of dam models were tested in the cen-
trifuge. The first type, where both the dam and the foundation

are monolithically cast of concrete, was purposely underde-
signed by using a slender dam cross section and weak concrete
in order to achieve fracture. Four unnotched specimens [MC-
A-100, MC-B-100, MC-C-100, and MC-D-100, Fig. 3(a)] and
one upstream notched specimen [MN-A-100, Fig. 3(b)] of
this first type were tested.

The second type represents a more realistic scenario, where
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a concrete dam is cast on a rock foundation; a normal dam
cross section and normal strength concrete were utilized in
these tests since failure was expected to occur along the dam/
foundation interface. Three specimens [RC-A-100, RC-B-
100, RC-C-100, Fig. 3(c)] of this second type were tested.
The specimen size chosen were the maximum allowed by the
400-gt centrifuge of the University of Colorado at Boulder
(Ko 1988b).

The density and mechanical material properties for each
specimen are summarized in Table 1.

A rubber bladder was used to contain water along the
upstream face of the dam model. This enabled pressurization
of the crack, thus effectively simulating uplift pressures. This
rubber bladder was made of high-grade rubber, chosen for
its flexible characteristics and ability to bond (using a two-
step epoxy) well with concrete. Once the rubber membrane
was epoxied to the concrete specimens, an aluminum top
plate is mounted on top of the model. Since the bladder was
sealed against the top plate, it allowed the overpressurization
by air, thus simulating water overtopping. Wires of the up-
stream instrumentation were fed and sealed through desig-
nated holes in the plate. Finally, two models were placed
inside a container that had one side of clear plexiglass (Fig.
4), for visual observation through a video camera.

Behind the container, two aluminum 2.75 gal (10 L) water
reservoirs were placed entirely above the dam specimens. The
water/air-input/output system is operated by six 110 volts al-
ternative current (VAC) solenoid valves (three per specimen)
controlled from the control room.

Instrumentation

During testing at 100g [the angular velocity being w = 2.1
revolutions per second, and the linear velocity v = 165 mph
(260 km/h)], great care had to be exercised to obtain reliable
test measurements. Those measurements include: strain read-
ings on both the upstream and downstream faces, pressure
at the upstream dam/foundation interface, downstream dam
crest displacement, upstream dam/foundation crack-mouth
opening displacement (CMOD), horizontal displacement of
the dam foundation to detect sliding, and two vertical dis-
placements near both ends of the dam foundation to detect
sliding, and two vertical displacements near both ends of the
dam foundation to detect rigid body rotation (Fig. 5).

TEST RESULTS

Test results will be reported with experimental model mea-
surements multiplied by the scale factor to yield prototype
data. The scale factor A between models and prototypes is
determined by the exact quadratic relation of (8). For our
model 7. apoia = 194.8 in. (494.8 cm), r,,, = 180 in. (457.2
cm), and o’ = 0.463g (0.182g) (acceleration of 100g at the
platform top); therefore, the approximate scale factor A is
=87, and the 2 ft (0.6 m) dam model is representative of a
174 ft (53 m) high prototype. Similarly, it can be shown that
the rock/concrete dam models represent a 159.5 ft (49 m)
high dam.

Fig. 6 shows typical experimental results for a monolithic
unnotched specimen, for a monolithic notched specimen, and
for a rock/concrete specimen. Both the total and the elastic
crest displacements are shown for specimen MC-D-100. The
elastic crest displacement is obtained by subtracting from the
total displacement, measured by the proximity probe, the
rigid body motion component measured through the foun-
dation proximity probes; the difference between the two curves
illustrates the large influence of rigid body motion on crest
displacement.

Fig. 7 shows the experimentally obtained crack paths for
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both the left and the right side of the monolithic unnotched
specimens, MC-A-100 and MC-D-100, and for the notched
specimen, MN-A-100. Although ail the cracks curved down-
ward, some did so more than others. This difference in cur-
vature could be attributed to possible water leakage at the
onset of cracking in test MC-A-100, which also caused an
earlier specimen to unload. Further, because of the unstable
failure, the crack shape could have been influenced by dy-
namic effects.

The curvilinear downward crack propagation, already nu-
merically predicted by Ayari and Saouma (1990) and exper-
imentally observed by Carpinteri et al. (1992), has important
implications in dam engineering since it offers a larger un-
cracked length.

In rock/concrete specimens RC-A-100 and RC-B-100, the
failure was induced along the foundation/dam interface.
However, possibly of greatest significance, is the failure of
the last specimen RC-C-100, which did not fail along the
interface but below it, in the rock foundation itself. Since the
rock foundation block used in this test was recycled from the
RC-A-100 test, the foundation surface was significantly rougher
than in the earlier two tests, making for a better bond between
the rock and the concrete. This was not expected prior to
experimentation and demonstrates that failure can occur in






