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Introduction

One of the most studied cases of a dam subjected to earthquake loading is the Koyna Dam in
India.  This 338-foot (103-meter) high dam suffered cracking during a magnitude 6.5 earthquake
in 1967.1  During this event, the ground acceleration in the stream direction reached 0.49 g, with
a total duration of strong shaking that lasted about 4 seconds.  At the time of the event, the
reservoir elevation was 37 feet below the crest.

Following the Northridge Earthquake in California (January 17, 1994) and the Kobe Earthquake
in Japan (1 year later, on January 17, 1995), greater consideration is being given to the
magnitude of the vertical acceleration of seismic events. Continuing concerns about the
performance of concrete dams subjected to severe earthquakes has motivated investigation into
ways to analyze and predict this performance using nonlinear numerical analysis techniques.2  In
some cases, linear dynamic analyses indicate high stresses that can be further studied only with
nonlinear models.

Two-Dimensional Koyna Dam
Cross Section Test

Background

Previous studies of the behavior of concrete dams subjected to seismic accelerations have been
conducted on single gravity dam monoliths.2,3,4,5  In references 2 and 3, attention was given to
developing a modeling material that maintained similitude with the prototype.  In reference 2, the
authors compared models to linear elastic analysis results.  More recent studies6,7 have compared
scaled centrifuge models to numerical models. 

The purpose of this investigation, conducted at the Bureau of Reclamation, Materials
Engineering and Research Laboratory, was to produce laboratory results for comparison to
nonlinear computer models.  The geometry of the model was scaled from the Koyna Dam and
follows previous work.2,3  Because numerical models that predict failure were to be compared,
models were formulated that ,to the extent possible, maintained similitude relationships and yet
were simple enough for direct comparison with computer-predicted results.  To this end, unlike
previous studies,2,3 similitude with reservoir effects was not attempted.  This eliminated the need
to model coupling effects.  Two models were tested:  a model with a natural but preexisting crack
and a continuous model cracked during testing.



Investigation of Failure Modes of Concrete Dams

2

Physical Model Test

The scale chosen for this model was 1/50.  Similitude requirements for models have been
summarized in other references,8 and estimated properties of Koyna Dam have also been
suggested.2,3  These properties are summarized in table 1.

Table 1.—Estimated concrete properties, the associated scale factors, and
the model material target values

Property Prototype estimate Scale factor Target value

E 4,000,000 lb/in2

(27,940,000 kN/m2)
50 80,000 lb/in2

(558,800 kN/m2)

fc’ 4,000 lb/in2

(27,940 kN/m2)
50 80 lb/in2

(558 kN/m2)

ft 400 lb/in2

(2,794 kN/m2)
50 8 lb/in2

(55.9 kN/m2)

Density 150 lb/ft3 1 150 lb/ft3

�u
c 0.0025 1 0.0025

�u
t 0.00012 1 0.00012

Concrete Mix Design and Material Properties

In this study, a new, low-strength concrete mix was designed.  Considerable work has been done
in previous studies2,3,9 to produce a similitude-appropriate concrete mix.  As has been suggested,
curing and the associated shrinkage cracking can be problematic in the use of concrete mixes
with highly reduced properties.  In addition, the use of any lead product to meet density
requirements poses special problems for the handling, storage, and disposal of this hazardous
substance.  This latter problem, in particular, limits the options for commercial mass production
of the material and complicates he disposal of it.  When modeling nonlinear failures, additional
consideration must be given to ensuring that the correct failure mechanism is reproduced at
model scale.

The mix for this study used bentonite pellets as a component to reduce strength.  The use of
bentonite pellets posed a logistic problem because saturation of the bentonite is required before
mixing.  The mix components and proportions for the initial laboratory mixed concrete and the
commercially mixed model concrete are shown in table 2.
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Table 2.—Model concrete mix components

Component
Lab mix
(lb/yd3)

Volume in mix
(ft3)

Model mix
(lb/yd3)

Volume in mix
(ft3)

Air 0.14
(1/2% entrapped

air assumed)

0.52
(1/2% entrapped

air assumed)

Water 560 8.99 480 7.68

Cement 160 0.82 168 0.86

Bentonite 40 0.25 42 0.26

Sand 1,366 8.4 1,454 8.87

No. 4 - 3/8" gravel 553 3.36

3/8" - 3/4" gravel 829 5.04 1,458 8.81

Note:  water/cement = 3.5     Bentonite/(Bentonite+Cement ) = 20%

The trial mix was initially made in the laboratory, and bentonite saturation was accomplished
overnight.  Based on the apparent success of this mix, both shake table models were made using
this design.  Because of the volume required for a shake table model (6 yd3 ), the actual model
mix was supplied commercially.  For the commercially supplied concrete, it was assumed that
saturation would take place in the mixer drum during transit.  Water was adjusted from the
original design at the plant to decrease sloshing in transit.  Onsite, a slump of approximately
7.5 inches was used as an indicator of a correct mix.  The slump was not a good indicator of
strength, as indicated by changes in the properties of the concrete.  Results from the two mixes
are shown in table 3.

Breaks for all compressive cylinder tests demonstrated in a classic shear plane typical of concrete
of approximately 65 degrees.  Other materials were tested in the lab, based on lead/plaster
combinations as trial mixes.  These materials created failure modes not typical of concrete, such
as horizontal layer crushing.  It is clear that not all parameters matched the similitude
requirements simultaneously.  Changes in mix water had the largest effect on strength.  However,
as was stated previously, the primary intent was to produce calibration data for testing of
computer models.

Laboratory testing was performed in support of the tests, and standard tests were run.  Typical
static compression stress-strain data is shown in figure 1.  Specialized tests were used to help
assist in the calculation of parameters that may be required in nonlinear computer material
models.  Typical fracture (crack width versus load-beam test) data are shown in figure 2, and
unload-reload data demonstrating plasticity of the material are shown in figure 3.  These tests
were not intended to be an exhaustive set of all tests required for published numerical models,
but are believed to be representative of the types of data needed.
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Model Construction and Instrumentation

The tests were performed in the U.S. Bureau of Reclamation, Materials Engineering and
Research Laboratory.  The Vibration Laboratory is used for large-scale tests and has been in
existence at Reclamation since 1969.10  For these experiments, a shake table was constructed that
has movement constrained to a single axis (horizontal only).  The table was tested for its
response modes and also tested in motion with accelerometers to determine its capabilities for
use at higher frequencies.  The table responded well for input frequencies below 22 Hz, which
was below the table’s lowest natural frequency of 30 Hz, but higher frequencies were eliminated
from testing.  Response of the table was clearly best at frequencies of 26 Hz and below.  For this
reason, a similitude simulation of an earthquake motion was not used.  Rather, for practical
reasons associated with the table and for simplicity in numerical model calibration, a sinusoidal
motion was selected.

In figure 5, the model is shown on the shake table.  The 1/50 scale model resulted in an 8.5-foot-
tall model weighing 7,850 pounds.  A slab, representing a foundation, was cast monolithically
with the model to provide a fixed lower boundary at the base of the dam.  Instrumentation
measured displacements and accelerations of the model and input motion of the actuator.  The
general instrumentation locations are shown in figure 6 and table 4.

The first model was cast lying on its side.  In this position, form construction and concrete
placement were much easier, access was provided to an entire face, and the depth of material was
only 1 foot 9 inches.  After a period of approximately 20 days, a small shrinkage crack appeared
in the exposed face.  At this time, tension tests that may be useful in modeling the onset of
shrinkage were run.  At approximately 28 days, the model was positioned on the shake table and
the forms were removed.  The shrinkage crack was evident on the side and the sloped face of the
model, and the crack was assumed to extend through the entire model.  The plane of the crack
had an inclination of approximately 20 degrees from horizontal toward the side of the model. 
After approximately 1 additional week, the surface had dried sufficiently to apply
instrumentation, and the test was run.

The second model was cast upright on the shake table to avoid the shrinkage cracking
experienced in the first model.  By testing sooner, the onset of shrinkage cracking was avoided,
and the second model produced a material failure under dynamic loading.  Testing earlier also
held the curing strengths lower.  Laboratory testing was performed on test specimens of the same
material immediately following the breaking of the model.

Input Motions

Numerical analysis predicted that the frequency of the fundamental mode of the model was
approximately 14 Hz, but this fundamental mode was out of the plane of the test (i.e., side to side
in the two-dimensional model.  The cantilever mode, mode 2 of the model but the first mode in
the plane of the test, was predicted at approximately 28 Hz.  Modal sweeps were run on the
model at frequencies starting at 2 Hz and increasing to 28 Hz, with a constant input acceleration 
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Figure 4.—Second Koyna model failure plane.

Figure 5.—First Koyna model mounted on
the shake table.  The shrinkage crack and
eventual failure plane is sketched in.
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of 0.1 g.  The results are shown in figure 7.  The first input frequency that showed an increase
of acceleration above the input was 14 Hz.  The effect was demonstrated in the plane of testing. 
Higher frequencies produced a more dramatic effect.  A sinusoidal motion of 14 Hz
(approximately 2-Hz prototype) was chosen for the input for all subsequent calibration tests
because this lowest response frequency was believed to be the easiest for numerical simulation
and calibration.  The earthquake record for upstream/downstream motion of the Koyna event (see
figure 8) is believed to have a primary component at 2.4 Hz.  This is more readily seen in the
response spectrum of figure 9.  With this set frequency of 14 Hz, accelerations were increased in
a single horizontal direction (upstream and downstream to the model) until failure occurred.

Test Results

As mentioned above in the discussion of the input motion, the chosen input motion for the model
was a 14-Hz sinusoid.

Model 1—Cracked Model

Four typical acceleration plots are shown in figures 10 through 13 for Model 1.  In figure 10, the
acceleration of the base of the dam and the acceleration at the base of the known crack were
measured to be 0.5 g, while the acceleration of the crest of the model measured nearly 2 g.  This
magnification of acceleration, with height from the base of approximately 4 times, is similar to
tests reported in the literature.2,11  Neither the model nor the field case showed failure
characteristics at this acceleration.

Because this model was to be used with computer programs to model sliding failure mechanisms,
testing was continued.  Base accelerations were increased while maintaining the 14-Hz input
motion.  From this point, the constant input frequency has the advantage of seeing changes in
response as model characteristics change.  At about a 2-g acceleration at the base, a puffing of
material from the crack was observed.  This was caused by a rocking motion of the top piece of
the model (the block above the crack), which acted as a bellows, blowing worn material from the
cracked surface. 

The next increment in acceleration, at a base acceleration of 2.25 g, showed a change in response
of the portion of the dam above the crack.  As can be seen in figure 11, the magnification of
acceleration from base to top increases, showing a maximum of 3.75 g or a magnification factor
of 1.6 times.  There is evidence of a phase shift of motion between the top and bottom at this
time in the testing.

The next ramp of acceleration was to an acceleration of 2.5 g of the base.  As can be seen in
figure 12, with this acceleration, the top and bottom of the model show nearly equal acceleration,
with a full 180-degree phase shift between the pieces.  As can be seen in figure 14, which shows
displacement at the top of the model, the top of the dam is sliding along the base by this time. 
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Finally, at a base acceleration of 2.75 g, the bottom motion is at a higher acceleration than the top
of the dam (figure 13).  By this time, the displacement of the top piece (approximately one-half
inch) is well underway (figure 14), and the base motion is not readily transferred to the top
section.  The cross section maintained stability, and sliding progressed slowly during the input.
The top block could be observed to be progressively sliding down the preexisting shrinkage crack
surface.

Model 2—Monolithic Model

As with the first model, a modal sweep was completed first.  Accelerations, normalized to the
base motion and recorded during the sweep, are shown in figure 15.  In comparing the modal
responses with those for the first model (shown in figure 7), some differences are noticed in the
response frequencies.  In Model 1, 24 Hz seemed to indicate the first cantilever mode; whereas in
model 2, this mode appears to emerge at 22 Hz.  In both models, another increased response with
respect to the input motion occurs at 28 Hz.  These differences are believed to be inherent
differences in the two models as built, but, generally, the two models appear similar in their
modal response.

Model 2 was tested using the same strategy as the first model; that is, a 14-Hz sinusoidal motion
was used and ramped in acceleration until failure.  The total test duration using this method was
almost 8 minutes.  The final failure occurred at the change in slope of the model on a flat
downward plane sloping toward the upstream face.  The angle of the failure plane was
53 degrees from horizontal, which was 90 degrees from the lower slope in the bottom of the
model, beginning at the invert.  This angle is consistent with previous studies,11 but was a single
flat surface.

The model was videotaped during testing.  Review of the tape revealed that the crack was not
visible in one frame and had propagated completely by the next video frame.  The standard video
frame rate is approximately 1/30 of a second.  With the input motion of 14 Hz, the period for
one-half cycle would be 1/28 of a second.  This indicates that the crack developed and
propagated in less than 0.03 seconds, either during a stroke, or, more probably, at the reversal of
a stroke.  The base acceleration at the time of failure was 2.2 g.

Analysis of the test data revealed anomalous behavior beginning approximately 330 seconds
into the test (figures 16-19).  This behavior is best displayed in figure 18, which is the
vertical acceleration of the model measured at the top of the structure. It can be seen that up to
the 330-second point in the test, the vertical acceleration increases linearly with increasing
horizontal input acceleration.  This response is as expected and is attributed to a slight flexing of
the shake table frame.  At around 330 seconds, the vertical acceleration starts increasing
dramatically and continues to increase throughout the duration of the test.  This increase is
accompanied by a corresponding decrease in the horizontal acceleration of the top of the
structure, as seen in figure 17.  The displacement of the top of the model is shown in figure 19,
where a rather abrupt decrease in the displacement of the top appears.  This change in 
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Figure 16.—Second Koyna model:  horizontal acceleration at the base of the model.

Figure 17.—Second Koyna model:  horizontal acceleration at the top of the model.
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displacement would correspond with the decreased acceleration.  These phenomena are not
believed to be related to the failure of the dam portion of the model, but rather appear to be a
failure in the base of the model which acted as the foundation of the structure.

The conclusion from these data is that the material around the all-thread embedded in the base
started failing at around the 330 second time frame and allowed the model to rock. As more
material failed, the rocking increased, which initially resulted in increased vertical accelerations
and decreased acceleration of the top.  Eventually, the material failure around the all-thread was
severe enough that the entire model could slide back and forth a small amount in the direction of
the excitation. This is evidenced by the spikes in base acceleration shown starting around the 400
second time frame in figure 16. This indeterminate boundary condition would be nearly
impossible to model on a nonlinear analysis time-step basis. It is believed that general
comparisons can still be made based on the final acceleration and the material properties
presented.

It was noted that after initiation of the crack, the top of the model began to slide before toppling
occurred. The top portion toppled from the model approximately 1 second (14 cycles) after crack
propagation.

Conclusions and Discussion

1. A new low-strength concrete mix is proposed.  This new concrete shows promise for
use in similitude testing. The mix, which uses bentonite as the media to reduce strength
properties, is readily adjusted to various scales with varying amounts of bentonite.  The
components may be mixed in mass and can be provided by commercial producers
because no hazardous materials are used.  Disposal is also easily accomplished by
conventional methods.

2. The new mix produced strength and stiffness characteristics that nearly matched the
similitude requirements. More importantly, for nonlinear modeling of the failure
mechanism, the mix fails in a shear plane almost identical to conventional concrete.

3. The initially-cracked model and the monolithic model showed general mode shapes
and damping which were similar for small accelerations.

4. The kinematically-nonlinear model (sliding model) demonstrated that there was some
initial bond on a typical shrinkage crack, even on a crack visible to the eye on multiple
faces, that needs to be overcome before sliding can be initiated.

5. Once sliding starts, the nonlinear effect creates very large changes in the dynamic
response during a constant frequency sinusoidal input motion.  The amplitude of the
acceleration of the piece above the crack in this model actually becomes less than the
amplitude of the acceleration of the base, and the response is phase shifted.  Put
simply, the base can slide back and forth beneath the top, and the motion is nearly
uncoupled.
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6. A material failure caused the monolithic model to fail.  The material failure was
characteristic of previous models and believed to be characteristic of cracks in the
field.

7. During the monolithic test, a nonlinear change in the base fixed boundary condition
created a highly nonlinear and indeterminate boundary condition.  This nonlinear
change also showed large changes in the dynamic response of the model.  These
changes are easily seen when compared to the constant input motion.  Unfortunately,
this same boundary condition change makes exact time history matching of numerical
models impossible.

8. Both models failed at approximately 2.2 g of acceleration.  In the kinematic model, the
crack allowed a slow progressive sliding during the cyclic motion.  In the materially
nonlinear model, a crack was initiated in less than 1/30 of a second, and sliding
occurred for a number of cycles before the top of the model toppled.  The toppling is
inconsistent with previous models and is believed to be related to the vertical
accelerations caused by the boundary condition change.

9. Laboratory tests of the material were performed in conjunction with the shake table
models to provide parameters typically needed in nonlinear numerical material models.

10. Results from the kinematic failure model (sliding) can conceivably be time step
matched to verify nonlinear models.  Results from the materially nonlinear models can
be verified in a general manner to verify the cracking pattern and the acceleration
required for failure.

Three-Dimensional Arch Dam Simulation

Background

Previous Work on Shake Tables

The arch section of the Techi Dam, Taiwan, has been modeled at a scale of 1/150.3  A primary
purpose of that study was to model the opening of joints; thus, the dam was articulated.  The
model was tested with motion in two planes:  upstream-downstream and cross-canyon.  Vibration
mode frequencies were tested by suspending a weight from the model and subsequently cutting
the weight loose to produce face vibrations.  The El Centro Earthquake record was used in the
shake table model test, with a time reduction of .  Intensity was increased until the1 150/
model collapsed.  Significant joint degradation occurred at the arch end, probably because of
local crushing at one end.  In biaxial excitation, the arch collapsed with 1.34-g acceleration in the
upstream/downstream direction and 0.91 g in the cross-canyon direction.  The collapse occurred
surprisingly close to the end of the excitation.
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Figure 20.—Final failure of Futatsuno Arch Dam model.

Source:  T. Yoshida and K. Baba, “Dynamic Response of Dams,” Proceedings of the 3rd
World Conference in Earthquake Engineering, Auckland, Vol. 2, 1965.

The same authors12 noted that the test results showed significant nonlinear behavior. Significant
influence of the joints generated increasingly poor correlations with the numerical analysis. 
Crushing in joints is suggested to improve analytical results.

Other tests have been conducted with shake table models13 on smaller scale models at a scale of
1/100 and were tested to failure.  A sinusoid input motion was used to determine characteristic
frequencies of the structure.  Next, similitude-corrected time histories of seismic events were
used at increasing amplitudes to induce failure.  Natural frequencies appear to be produced
correctly when the modeled foundation is one to two times the height of the dam and extended
laterally from the dam one to two times the height of the dam.  The modeled length of the
reservoir shows no significant effect with reservoir length being twice the dam height. 

Test models have been completed to model sliding only.14  Typically, these models were
1,000 mm in height.  A short reservoir tank with absorbent rubber was used to eliminate the
hydrodynamic effect (the length of the tank was 0.4 m).  The following input motions used were:  
(a)  a 7.5-Hz. sine wave (this waveform was hard to match exactly because some free vibration
was present in the table); (b) 5 Hz ramped up in 5 cycles, held for 10 cycles, then ramped down
in 5 cycles; and (c) a simulated earthquake of 12-second duration with the input ramped until
slipping occurred.

Several models have been constructed to simulate failures in dams.  One such model15 was the
Futatsuno Arch Dam.  This 76-m-high, 210-m crest dam was modeled at 1/50 scale.  In this
model, the first crack appeared at 0.27 g and 32 Hz in a spillway pier, and at 0.41 g and 30 Hz on
the dam.  Final collapse occurred at 0.69 g and 17 Hz.  The final failures are shown in figure 20.

Testing of models run to failure has been conducted at the ISMES facility in Italy.16,17   The
results are shown in figures 21 and 22 for wide and narrow canyons, respectively.
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Figure 22.—ISMES test of narrow canyon dam model.

Source :

Oberti, G., and A. Castoldi, “The Use of Models in Assessing the Behavior of
Concrete Dams,” Dams and Earthquake:  Proceedings of a Conference held at
the Institution of Civil Engineers, London, October 1-2, 1980.

Oberti, G., and E. Lauletta, “Structural Models for the Study of Dam Earthquake
Resistance,” Ninth International Congress on Large Dams, Istanbul, Turkey,
September 4-8, 1967.

Figure 21.—ISMES wide arch dam model failure.  Homogeneous
dam shaken to failure with earthquake simulation.
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Introduction

All the models chosen for this study were based on a similar geometry.  Models were run in
a sequence of:  (1) a monolithic dam; (2) 1 horizontal joint at approximately mid-height;
(3) 1 vertical joint at the mid-point of the valley; and (4) 17 vertical joints and 2 horizontal joints
(one model was run with 17 vertical joints as a test of the construction method).  All models were
run with a sinusoidal input motion at 14 Hz, beginning at 0.25 g and increasing every 30 seconds
by 0.25 g until a structural collapse was created in the model. 

Experiment Setup and Procedure

The scale chosen for this model was a 1/150 scale.  Similitude requirements for models have
been summarized in other references.8  Properties of mass concrete in dams have previously been
published18 and are summarized in table 5.  For this study, typical values of properties were
chosen as target parameters for the model and are summarized in table 6.

Table 5.—Averaged values of tested properties from dam core

Dam

Dynamic compressive
strength
(lb/in2)

Dynamic modulus of
elasticity
(Mlb/in2)

Dynamic tensile
strength
(lb/in2)

Pine Flat 5,280 3.43 Unknown

Deadwood 5,930 3.83 690

Stewart Mountain 5,350 3.99 515

Roosevelt
(saturated 1a)

4,090 4.21 755

Roosevelt
(air dried 1b)

4,600 4.09 485

Roosevelt
(saturated all other)

6,430 4.84 840

Roosevelt
(air dried all other)

4,850 4.10 840

Roosevelt
(12-inch diameter
air cured)

3,730 5.70 575

Hoover 8,040 4.33 975

Folsom 4,760 4.50 510

Monticello 4,870 6.12 505

Englebright 6,660 4.63 585
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Table 6.—Estimated concrete properties, the associated scale factors,
and the model material target values

Property Prototype estimate Scale factor Target value

E 5,200,000 lb/in2

36,322,000 kN/m2
150 35,000 lb/in2

244,475 kN/m2

fc’ 4,500 lb/in2

31,432 kN/m2
150 30 lb/in2

209 kN/m2

ft 450 lb/in2

3,143 kN/m2
150 3 lb/in2

21 kN/m2

Density 150 lb/ft3
2,403 kg/m3

1 150 lb/ft3
2,403 kg/m3

�u
c 0.001 1 0.001

�u
t 0.0001 1 0.0001

Concrete Mix Design and Material Properties

In this study, a new, low-strength concrete mix was designed.  Considerable work in this area has
been accomplished in previous studies2,3,9 to produce a similitude-appropriate concrete mix. 
Work from reference 19 was used previously with two-dimensional model studies in this
laboratory.  The advantages of this design were discussed previously.  This design was modified
for the 1/150 scale models of this study; the mix components and proportions are shown in
table 7.

Table 7.—Model concrete mix components

Component
Lab mix
(lb/yd3) Volume in mix

Air 0.14 (1/2% entrapped air assumed)

Water 739.8 11.86

Cement 156.6 0.8

Bentonite 63 0.39

Sand 2,245.41 13.81

Note:  water/cement = 4.72 Bentonite/(Bentonite + Cement) =  28.7%

Early tests with this material demonstrated that all scaled parameters desired could not be met
simultaneously.  Specifically, the modulus of the material was on the order of 3,500 lb/in2, and
density was 118 lb/ft3.  With these constants, coefficients for calculating the required similitude
relations were derived following the modeling theory developed in reference 24.  The
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coefficients used were:  CE =  4,500,000/3,500; C
�
 = 150/118; Cs = 150, where CE represents the

coefficient for modulus, C
�
 represents the coefficient for density, and Cs is the scale factor. 

Table 8 introduces the strength and stiffness and the series of models produced for this study.

Model Construction and Instrumentation

The tests were performed in the U.S. Bureau of Reclamation, Materials Engineering and
Research Laboratory.  The Vibration Laboratory is used for large-scale tests and has been in
existence at Reclamation since 196910.  For these experiments, a shake table was constructed that
has movement constrained to a single axis (horizontal only).  The table was tested for its
response modes and also tested in motion with accelerometers to determine its capabilities for
use at higher frequencies.  The table responded well for input frequencies below 22 Hz, which
was below the table’s lowest natural frequency of 30 Hz, but higher frequencies were eliminated
for testing.  Response of the table was clearly best at frequencies of 26 Hz and below.  For this
reason, a similitude simulation of an earthquake motion was not used. Rather, for practical
reasons associated with the table, and for simplicity in numerical model calibration, a sinusoidal
motion was selected.

The selection of the frequency of the motion was based on the similitude coefficients and typical
values of natural frequencies of dams tested onsite.  The frequency conversion similitude
coefficient becomes:

C C C
Cf s

E
�

ρ

For this model, the scale (Cs) is 1/150.  Considering the range of modulus values of the materials
in various models (CE), a range of frequency coefficients would be from 4 to 5.36.  Table 9
shows typical measured values of natural frequencies for specific dams.  A typical 1st mode
natural frequency of 3.3 Hz was chosen for a wide valley structure.  Applying the range of
similitude coefficients to this frequency yields a range of model scale frequencies from 12 to 16
Hz and, hence, the chosen excitation frequency of 14 Hz.

Results and Indications of the Models

In-Situ Tests for Modal Shape and Frequency

The model modes were physically tested using frequency sweeps at very low accelerations
(0.5 g).  The low acceleration was chosen to ensure that the model would not be damaged during
the frequency sweeps.  Unfortunately, the low excitations did not produce sufficient
displacement for a conclusive determination of the model’s dynamic properties.
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Table 9.—Typical frequencies of dams20,21,22,23,24

Dam Reservoi
r level

Frequency (Hz) Damping (%)

Sym Asym Sym Asym

1st 2nd 3rd 1st 2nd 1st 2nd 3rd 1st 2nd

Kamishiba Full 3.8 5.8 8.7 4.3 7.2 5 4 4.5 4 4.5

Low - 6.3 9.7 4.7 8.0 - 4 4.5 4 4

Sazananigaw
a

Full 5.5 6.8 - 4.3 8.7 2 3.7 - 3 2

Low 6.7 - - 5.5 - 1.8 - - 1.8 -

Monticello - 3.13 4.68 7.60 3.55 6.00 2.7 2.5 2.4 2.2 2.1

Morrow Point - 2.95 3.95 5.40 3.30 6.21 4.0 3.9 4.3 1.5 3.3

Alpe Gera
Gravity

78% 3.25 - - 4.56 - 5.4 - - 5.12 -

Empty 3.47 6.16 - 4.72 7.43 4.4 4.50 - 4.50 3.43

Fiastra
Gravity

88% 4.72 7.87 - 5.97 9.72 3.27 2.38 - 2.46 2.50

72% 4.29 7.34 - 2.56 9.16 3.30 2.80 - 7.34 2.50

Place Moulin
Arch

95% 2.03 3.63 - 2.03 2.96 1.15 1.20 - 1.18 1.22

Talvacchi
Arch

90% 3.8 5.35 - 3.68 6.7 3.5 3.5 - 3.5 3.5

Barcis Arch Full 10.1 15.3 - 7.6 16.3 4 4 - 7.0 3.5

Ambiesta
Arch

Full 4.27 7.3 - 3.90 - 3.02 6.65 - 2.15 -

94% 4.7 - - 2.0 - 1.9 - - 4.7 -

Linear Versus Nonlinear Structural Behavior

The models all acted in a structurally linear manner until the onset of cracking.  This was
evidenced by a characteristic mode shape and increase of acceleration from the base of the dam
to the top of the dam.  This pattern is shown for the monolith, horizontal joint, vertical joint, and
17x2 joint models in figures 23 through 26, respectively.  These figures all show time plots of
acceleration over a fairly broad period.  From the plots, the increase in acceleration of the top
versus the base of the dam is shown in the overlay of data.  The initiation of cracking causes a
nonlinear effect, which results in a change in the pattern.  A good example of this is shown in
figure 24, with an obvious change in response.  In figure 25, another model is shown with an
expanded scale time.  What is clear in all the figures is that there is a linear increase of
acceleration with height until the initiation of cracking.  When cracking occurs, this linear
behavior changes rapidly.  This sudden and extremely different nonlinear behavior is highly
dependent on joint type, as described in the next section.
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Figure 27.—Initial crack normalized to stiffness.

An investigation of the linear effect for different types of models is shown in figure 27.  To study
the initiation of cracking of all models uniformly, an estimate of the initial cracking acceleration
was made through a normalization calculation.  One stiffness value was chosen as a reference
value, and all accelerations that caused initial cracking were normalized by using the ratio of the
reference value to the modulus value within each model.  This ratio was then used to adjust the
acceleration within an individual model which caused initial cracking.  This figure shows that,
for this model, cracks generally occurred at an acceleration of 0.70 g.  Because all models are
linear until the initiation of cracking, this parameter is unaffected by model type.

Effect of Joints on Nonlinear Behavior 

Photos of the different models are shown in figures 28 through 31.  These models employed the
different jointing patterns of monolith, horizontal joint, vertical joint, and multiple joint,
respectively.  From these figures, it is easily seen that the joint patterns have a great effect on the
initial and final cracking patterns.  Figure 32 shows all initial cracking patterns overlaid on the
same picture.  The joints control the initial cracking pattern.  The monolith breaks initially into
one fairly large piece from approximately one-fourth of the distance across the canyon, down to
about the one-fourth of the height, and then up the centerline.  All other patterns are controlled
by the joints.  A deep crack occurred along the vertical joint, and the horizontal joint forms the
predominant pattern in the first crack.  In the 17x2 joint case, the upper horizontal joint forms the
predominant pattern.  There are three vertical joints in the initial pattern.
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Figure 28b.—Monolithic model 2, final crack.

Figure 28a.— Monolithic model 2, initial cracking.
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Figure 29a.—Model 10 - horizontal joint initial failure, south camera.

Figure 29b.—Model 10 - horizontal joint final failure.
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Figure 29c.—Model 10 - horizontal joint north view, initial cracking.

Figure 29d.—Model 10 - horizontal joint north view, final failure.
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Figure 30a.—Model 11 - vertical joint south view, final failure.

Figure 30b.—Model 11 - vertical joint south view, initial cracking.
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Figure 30c.—Model 11 - vertical joint north view, final failure.

Figure 30d.—Model 11 - north view, initial cracking.
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Figure 31a.—Model 15 - 17x2 joints, initial cracks.

Figure 31b.—17x2 joints, final cracks.
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Figure 32.—Approximate location of all initial cracks in different models.

Figure 33.—Mode shapes for typical dam, measured in the field.24



DSO

43

The final crack pattern is different for each model, showing once again the influence of the
constructed joints.  Figure 34 shows the final pattern for the 17x2 model, with the mode shapes
superimposed in a way that accounts for the rotation of the photograph from the on-face plane).
The pattern of the formation of five large blocks in the failure mode is somewhat common in all
models and might be suggested as a pattern that is consistent with the modes of the structure. 
The final failure in all models occurred after considerable time, following on the order of 20-
30 seconds of shaking after the initial crack.  This is consistent with comments by other authors12

and is most likely associated with the need to abrade joints to provide sufficient space for the
blocks to snap through in the downstream direction.

Effects of a Wide Canyon

Figure 35 shows the initiation of failure in the dam at the 1/4 point across the canyon and the
centerline of the dam.  The accelerations show that:  (1) the onset of nonlinearity occurs first in
the centerline and about one-half second later at the quarter point.  Although this seems like a
small difference, accounting for the time similitude of 12.8 times for the model to fail, this
difference is 6.4 seconds later in real time, which is a significant portion of an earthquake record;
and (2) degradation of the acceleration of the 1/4 point is almost immediate, whereas there is a
time period of approximately 2 seconds of increased motion in the centerline before the
degradation of acceleration is observed.

Water in Joints

One additional issue for consideration is the ability of water to penetrate joints during the
earthquake.  Figure 36 shows a crack forming and water being shot from this crack in three
cycles of the test (1/10 of a second).  It is noted that the fluid used is water, without adjustment
for viscosity similitude.  Nevertheless, water is clearly seen traveling through the dam in this
sequence.
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Figure 34.—Final crack pattern and mode shapes.
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Figure 35.—Cracks accounting for wide canyon effects.
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Crack Initiates Crack Opens

Crack Closes Crack Releases Water

Crack Releases Water At Next Opening

Figure 36.—Sequence showing water release.
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Conclusions

1. The Koyna Model gave similar results to previous studies and to what actually happened in
the field.  The 3-D arch dam model compares with previous models and linear measurements
such as response frequencies made in the field.

2. All models show the onset of sudden cracking and pronounced structural nonlinearity
following cracking.  This nonlinearity is characterized by the bottom of the dam slipping
back and forth beneath the top of the dam.

3. The arch dam model demonstrates a critical acceleration of 0.70 g for first cracking of this
specific model.

4. The crack pattern in the models is dominated by the joint patterns.

5. The time to final full failure, when converted to full scale times, exceeds the duration of any
recorded earthquake. 

6. Final failure is a push through of the dam into downstream.  This failure mechanism appears
to require abrasion in the joint before it can be established.

7. Water passes through cracks in the model in approximately 1/10th of a second.

Recommendations

1. Physical models can be used to find extreme cases needed for the evaluation of critical
structures.  The results should be used to improve understanding of numerical modeling or to
develop and improve capability.  The results should be used to develop initial and terminal
failure modes for issues such as risk analyses.

2. Some necessary data for nonlinear modeling have been gathered using preliminary testing
methods.  Additional work should be performed to establish methods to find necessary
parameters.

3. Wide canyon dams are clearly affected by the cross-canyon mode shapes.  Some studies
should be conducted for narrow canyons to investigate the initiation of cracking and failure
mechanisms.
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