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test (1.42g peak acceleration, Fig 4.28(a)). Some noticeable sliding did occur in the
upstream direction; the permanent displacement from Fig. 4.28(«:) equaled 0.05
in. (5.75 in.). That this sliding was not gréater reflects the three-dimensionality
of the crack profile; i.e., the upstream dip of the main crack on the filmed side
was absent on the opposite side (Fig. 4.30(b)). The downstream bias of the
acceleration spikes in Fig. 4.28(b) could be due to collisions with a barrier on the

crack plane which prevented further upstream sliding.

4.4 Second Composite Model

The top portion of the first composite was replaced with one constructed from the
plaster-based material using lead beads. Frequency sweeps were again conducted
with and without water, followed by three earthquake tests, all with water. Again,

the water level stood 2 in. (19.2 ft.) below the crest.

4.4.1 Frequency sweeps (Figure 4.31)

Frequency response curves of the model are presented in Figure 4.31 as in Figure
4.16. Without water, the fundamental resonance occurred at 37.5 Hz (3.50 Hz)
with 10% damping, and the second resonance was 120.5 Hz (11.26 Hz) with 10%
damping. Compared to the first composite model, the frequency is significantly
lower and the damping roughly the same at the fundamental resonance, while the
frequency for the second resonance is substantially higher. This was disturbing,
and no explanation was apparent. It is possible that some damage had occurred
to the polymer base during the previous tests. Also note that the shaking table
again had difficulty maintaining the fundamental resonance.

For the tests with water, it was decided that folds in the membrane were
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necessary to eliminate resistance to crac}{ opening on the upstream face of the
dam. Since the locations of the crack intersections with the upstream face could
not be predicted precisely, a series of 10 folds spaced one inch apart was placed
over the general area where cracking was expected to occur. Each fold consumed
2 in. of matecrial, and construction was possible only by circumventing the entire
reservoir. No lubrication was employed. Results of the frequency sweep with water
were 34 Hz (3.18 Hz) and 9.4% damping for the fundamental resonance and 103
Hz and 10.2% damping for the second resonance Fig. 4.31(b). Thus, the added
mass effect was weak for the fundamental mode, in contrast to its strong effect
for the first composite model. The probable cause of this result is the folding
of the membrane, which could have contained trapped pockets of air or could
have made the slack area off the sides of the upstream face of the model more
flexible. In any case, eliminating restraint to crack opening at the upstream face
took preference over the added mass of the water (the static water pressure was
properly represehted). Actually, the added mass for a prototype gravity dam
during an earthquake may be less than that predicted by the 2-D mathematical
model, say, if adjacent monoliths are not vibrating together.

Although the performance of the model was less than desired, the funda-
mental frequency was still in a reasonable range, and it was felt that earthquake
tests could yield important information about cracking in concrete dams, so three

tests were carried out.

4.4.2 TInitial cracking earthquake test (Fignres 4.32 through 4.35)

The acceleration pulses that cracked the second composite model contained the
maximum acceleration and occurred early in the excitation (Figure 4.32(a)): peak

A (-0.92g at 0.194 sec.) and peak C (1.52g at 0.204 sec.). Associated peak dis-
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placements are labeled B (0.02 in. at 0.200 sec.) and D (-0.053 in. at 0.216 sec.)
in Fig. 4.32(c); the maximum displacement of -0.053 in. corresponds to -6.13 in.
prototype. The first cracking seen on the film occurred at displacement B and
ran inward from the downstream face 6.9 in. (66.2 ft.) below the crest along a
straight path at an é.ngle 24 degrees below horizontal (Fig. 4.34(a)). An upstrcam
segment of this crack, which completed the same straight path (Fig. 4.34(b)),
became visible during the next swing of the dam downstream (displacement D).

One scenario of crack prdpagation is that the downstream segment formed
during displacement B and the upstream segment formed during displacement
D (propagation starting from the interior crack tip), but then the orientation
of the upstream segment is puzzling because it would not be perpendicular to
the principal tensile stress. Another scenario is that the entire crack propagated
during displacement B but that only a portion at the downstream end was visible
on the film. However, if this were the case, it is also not obvious that the crack
would remain straight. Unfortunately, the film is unable to resolve this matter as
the above mentioned cracking was visible only on the two frames shown in Figures
4.34(a) and 4.34(b).

The rest of the response was characterized by the opening and closing of
the crack described above, mostly at the upstream end, with little sliding and no
other cracks forming. Figures 4.34 (c), (d), and (e), which occur at displacement
peaks E, F, and G respectively, show the frames that contain the largest crack
openings. Little permanent displacement resulted (Figure 4.32(c)). The average
amplification of the base acceleration at point 1 between 20 Hz and 50 Hz is ap-
proximately two (Fig. 4.33). Reasons for the downstream bias of the acceleration

spikes (Fig. 4.32(b)) at point 1 are not apparent.
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4.4.3 Second earthquake test (Figures 4.36 through 4.39)

In order to explore the upper limits of table motion that the cracked model could
withstand, the table input was significantly increased and resulted in a maximum
acceleration of 3.53g in the upstream direction at 0.205 sec. (peak E in Fig.
4.36(a)). The most significant feature of the response is a 0.225 in. (2.16 ft.)
sliding displacement downstream which was initiated by acceleration E. Prior to
this event, the méximum displacement had reached 0.035 in. downstream at 0.173
scc. (peak B in Fig 4.36(c)) and 0.063 in. upstrcam at 0.203 sce. (pcak D in Fig.
4.36(c)), which followed base pulses of 1.09g upstream at 0.159 sec. (peak A in Fig.
4.36(a)) and 2.15g downstream at 0.194 sec. (peak C in Fig. 4.36(a)), respectively.
The frames of Fig. 4.38 depict these responses, startihg with the upstream crack
opening occurring at displacement B (Fig. 4.38(a), 0.173 sec.). The crack closed
previous to displacement D, but then began to open on the downstream side and
began to experience sliding in the downstream direction (Fig. 4.38(b), 0.200 sec.).
Further sliding over the rough surface was accompanied by regained contact, and
even some grinding, at the downstream end and by opening at the upstream end
(Fig. 4.38(c), 0.21 sec.). By 0.24 sec., the top block was firmly entrenched at its
downstream corner and began to rock so as to further open the upstream end of
the crack (Fig. 4.38(d)). The crack reached its maximum upstream opening at
0.25 sec. (Fig. 4.38(e)) and, because of its misalignment due to sliding, closed only
al the interior conLacLs, leaving a siguilicant residual opening at the upstream face
(Fig. 4.38(f), 0.27 sec.). Such a residual opening in the prototype would greatly
facilitate water penetration into the crack.

The rest of the response was characterized by further opening and closing

of the crack, mostly at the upstream face, and small amounts of sliding back and
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forth, which had a small net effect (Fig. 4.36(c)). No further cracks formed. Little
amplification of the base acceleration at point 1 occurred between 20 and 50 Hz,
although signiﬁcahﬁ amplification is present at higher frequencies (Fig. 4.37). The
acceleration spikes at point 1 are now evenly distributed between the upstream

and downstream directions (Figure 4.36(b)).

4.4.4 Third earthquake test (Figures 4.40 through 4.42)

The main purpose of this test was to observe the response to an excitation with
a longer duration than before. To accomplish this, the first 2.5 secs. of the table
inpul used previously was repealed over the second 2.5 secs. of the excitation.
The amplitude was reduced somewhat and resulted in a maximum acceleration of
2.51g at 2.605 sec. (peak L in Fig. 4.40(a)). Before the third test was carried out,
the portion of the dam above the crack was placed back in its original position.
Two major episodes of sliding resulted from this test; the first produced
about 0.1 in. {11.5 in.) of slip downstream and the second roughly 0.08 in. (9.2
in.) downstream (Fig. 4.40(c)). Interestingly, the resultant permanent slip was
similar to that of the previous test. Acceleration and displacement peaks (Fig.
4.40) associated with the first episode were acceleration A ( 0.91g, 0.158 sec.), dis-
placement B (-0.041 in., 0.175 sec.), acceleration C (-1.02g, 0.184 sec.), displace-
ment D (0.018 in., 0.200 sec.), acceleration E (1.79g, 0.207 sec.), and displacement
F (-0.096 in., 0.255 sec.). Preceding the sliding, a significant upstream opening
occurred at displacement B (Fig 4.42(a)), which then closed during displacement
D. Shortly thereafter, the sliding was initiated by the upstream acceleration E as
shown in Fig 4.42(b) (0.21 sec.). The sliding was accompanied by opening of the
crack at the upstream end which continued to displacement peak F (Fig. 4.42(c)).

The only other significant opening to occur before the second sliding episode was



45

one on the upstream side which occurred at displacement peak G (Fig. 4.42(d),
1.12 sec.).

Acceleration and displacement peaks (Fig 4.40) associated with the second
sliding episode are acceleration H (1.74g, 2.56 sec.), displacement I (-0.16 in., 2.578
sec.), acceleration J (-1.72g, 2.583 sec.), displacement K (-0.007 in., 2.604 sec.),
acceleration L (2.51g, 2.605 sec.), and displacement M (-0.2 in., 2.650 sec.). The
sliding was again preceeded by a significant upstream opening of the crack (peak
I, Fig. 4.42(e)), which closed during displacement K. The upstream acceleration
L initiated the sliding that is shown at an early stage in Fig. 4.42(f) (2.61 sec.)
and later in Fig 4.42(g) (2.62 sec.). Sliding was accownpanied by downsiream crack
opening and halted once contact was reestablished there (Fig. 4.42(h), 2.63 sec.).
Then, rocking opened the upstream end of the crack to the position shown in Fig.
4.42(i) (2.67 sec.). Other large upstream openings occurred at displacement peaks
N, O, P, and Q in Fig 4.40(c).

The resulting configuration of the dam was similar to that after the previous
test and is not shown. Some amplification of acceleration at point 1 in the 20
Hz range is evident from Fig. 4.41, but this is hard to find in the time history

response (Fig. 4.40(b)).

4.5 Comparison to Numerical Results

Although no numerical simulations of these experiments were carried out, some
qualitative comparisons to other numerical results can be made. For this purpose,
the study in (8) was selected. It used a 2-D finite element model of Pine Flat Dam
including water and foundation and subjected it to the SOOE and vertical compo-

nents of the 1940 Imperial Valley ground motions, with actual amplitudes scaled
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by a factor of 1.5. Cracks were represented by the smeared crack approach, and
the criterion for crack propagation used an equivalent tensile strength determined
from the critical stress intensity factor and the element size. No water intrusion
into open cracks was permitted, similar to the present experiments.

Three analyses carried out in (8) emploved an initial straight crack in the
neck region. The crack sloped down toward upstream at 19 degrees in one case, was
level in another, and sloped up toward upstream at 18 degrees in the third. With a
coefficint of friction of 0.75, all three arrangements proved to be stable, and the top
block slid downstream 0.9, 1.9, and 3.4 feet, respectively. The geometry of the first
crack is closest to the one which developed during the test on the second composite
model which experienced about 2.2 feet (prototype) downstream sliding, and the
ground motions for the experiment were much stronger than for the numerical
analysis. In the three analyses, high tensile stresses occurred near the ends of the
cracks with orientations parallel to the cracks. This indicated the likely formation
of branch cracks which could have been similar to the ones observed in the test
on the monolithic model.

Another analysis in (8) employed an initially uncracked dam in order to
model actual crack initiation and propagation. Crack initiation occurred in the
neck region perpendicular to the dam face, and the crack turned down as it prop-
agated into the interior of the dam (Figure 4.43). This behavior was noted for
the inital crack in the monolithic model, although it propagated less far than did
the one in the numerical model. This difference could be attributed to differences
in the ground motions and in the critical stress intensity factor. In the nuwmerical
model, the cracking extended to the opposite side by reinitiation along the side
of the initial sloping crack (Figure 4.43), rathe; than by extension from the tip of

the initial crack as occurred in the experiment on the monlithic model. A crack
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also formed along the base of the dam in the numerical model (Figure 4.43), but
this crack had a much smaller effect on the response of the dam than did the neck

cracking.
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Figure 4.10: (b) t=0.418 sec.

Figure 4.10: Film frames at specific instants of time of the initial cracking earth-

quake test on the monolithic model.
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Figure §.11: (b) Opposite side of monolithic model after initial cracking earth-

quake test.
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Figure 4.14: (b) t=1.2 sec.

Figure 4.14: Film frames at specific instants of time of the second earthquake test

on the monolithic model.
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Figure 4.15: (a) Filmed side of monolithic model after second earthquake test.



Figure 4.15: (b) Opposite side of monolithic model after second earthquake test.
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Figure 4.19: Downstream crack opening during first test on first composite model

(t=2.384 sec.).
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~ Figure 4.23: (b) t=0.2123 sec.

Figure 4.23: Film frames at specific instants of time of the second earthquake test

on the first composite model.
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Figure 4.23: (e) t=0.4244 sec.
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Figure 4.24: (a) Fi 1 si
e 4.24 | (a) Filmed side of first composite model after second earthquake test
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Figure 4.24: (b) Opposite side and upstream face of first composite after second

earthquake test.
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Figure 4.24: (c) Filmed side and downstream face of first composite after second

earthquake test. The lower crack shown in part (a) had not been traced when this

photo was taken.
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Figure 4.27. Filmed side and upstream face of first composite model after third

earthquake test.
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Figure 4.28: (a) Base acceleration, (b) acceleration response at point 1, and (c)
displacement of point 1 relative to the base for the fourth earthquake test on the

first composite model.
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Figure 4.29: Fourier transforms of the base motion (a) and dam response at point

1 (b) for the fourth earthquake test on the first composite model.
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Figure 4.30: (a) Filmed side and downstream face of first composite after fourth

earthquake test.
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Figure 4.30: (b) Opposite side and upstream face of first composite after fourth

earthquake test.
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Figure 4.85: (a) Filmed side and downstream face of second composite after initial

cracking earthquake test.

Figure 4.85: (b) Opposite side and downstream face of second composite after

initial cracking earthquake test.
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Figure 4.88: (b) t=0.20 sec. o
Figure 4.88: Film frames at specific instants of time of the second earthquake test

on the second composite model.



! Figure 4.38: (d) £=0.24 sec.
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Figure 4.88: (e) t=0.25 sec.

Figure 4.88: (f) t=0.27 sec.
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Figure 4.89: (b) Opposite side of second composite after second earthquake test.
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Figure 4.42: (a) t=0.175 sec.

Figure 4.42 (b) t=0.21 sec. |
Figure 4.42: Film frames at specific instants of time of the third earthquake test

on the second composite model.



Figure 4.42: (d) t=1.12 sec.
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Figure 4.42: (i) t=2.67 sec.
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Chapter 5

Summary and Conclusions

6.1 Summary

The purpose of these experiments was to investigate the nonlinear seismic response
of concrete gravity dams through the testing of small-scale models. The correct
modeling of such a structure at a length scale of 115 places stringent requirements
on the materials and excitation employed in the tests. Two plaster-based ma-
terials were developed to meet the density, strength, and stiffness requirements
established by the laws of similitude, as was a polymer-based material which sat-
isfied the density and stiffness requirements. Three models were constructed: a
monolithic model made entirely of a plaster-based material and two composite
models constructed of a polymer-based lower portion and a plaster- based upper
half. Resonance tests were conducted to determine dynamic properties in the lin-
ear range. The excitation signal employed in the earthquake tests to study crack
initiation and postcracking response was a modified version of the north-south
component of the 1940 Imperial Valley earthquake ground motion, applied to the
base of the dam model in the stream direction by means of a vibration table. Tests
were conducted under full reservoir (height of reservoir = 95% of dam height) and
no water conditions. The model geometry was that of Pine Flat Dam, a struc-

ture with dimensions typical of concrete gravity dams. The jointed construction
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technique used for this class of structure provided some justification for modeling
a single vertical monolith of the dam.

Acceleration and displacement transducers recorded the response of the
model. In addition, the area of likely crack formation was filmed using high
speed, 16 millimeter cameras. Frame by frame analysis of these films and corre-
lation with the response time histories provided insight into the mechanisms of
crack initiation and propagation as well as the motion of the top block after crack

formation.

5.2 Conclusions and Discussion

1) The feasibility of developing plaster-based materials that approximately satisfy
the strength, stiffness, and density requirements for small-scale models at length
scales on the order of 1 to 100 was again shown. The density requirement was met
by the addition of lead oxide powder in one case and small lead beads (1.6 mm
diameter) in another case. Similitude for the critical stress intensity factor is also
required but was not investigated; appropriate values for prototype dam concrete
are not available.

2) Model construction is greatly hampered by the‘occurrence of shrinkage
cracks that result from the large shrinkage strains experienced by the plaster-based
materials upon drying coupled with their low tensile strengths. The material
using lead oxide powder required a greater amount of water than the lead bead
material and, consequently, suffered more from shrinkage cracks. Lead powder is
also much more difficult to work with than the beads and requires extensive safety
precautions and effort in cleanup.

3) The polymer-based material developed for use in the lower part of the
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dam where cracking was not expected provided excessive damping, which is a
significant disadvantage.

4) Tests on the models agreed with results from analyses that the neck region
of a concrete gravity dam is most susceptible to cracking.

5) Only for the monolithic model did the high-speed photography provide
conclusive evidence of the mechanism of crack propagation from one side of the
dam to the other. Interestingly, this crack propagated into the interior on one
swing of the dam and extended to the opposite face from the old tip on the other
swing.

6) Resulting crack profiles from the three tests were very different. These
differences can be attributed to variations among the models in material proper-
ties, construction techniques, flaws, excitations, etc. Perhaps this indicates that
seismically induced crack profiles in prototype dams will be similarly sensitive.
This is an important point due to the dependence of the seismic stability of the
dam on the crack profile.

7) In spite of very strong excitations, many of which significantly exceeded
typical strong earthquake motions, no failures of the dam models resulted. This
was partly due to the favorable profiles of the main cracks: V-shaped for the mono-
lithic model and sloped up in the downstream direction for the composite models.
It should be emphasized that favorable profiles may not always result. For exam-
ple, if the upstream crack in the monolithic model, which initiated horizontally
but then turned down in the interior, had continued propagating to a point close
to the downstream face, the top block would have been in a vulnerable position,
especially with water in the reservoir. Further, it is possible that incorrect scaling
of the critical stress intensity factor actually prevented such an occurrence.

8) The absence of any failure in the models should be considered without
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forgetting that water penetration into open cracks was prevented by the plastic
membrane. Although little is known about the capability of water under pres-
sure to enter cracks during brief openings, a significant penetration wduid tend
to destabilize the top block through uplift pressure. The test results showed that
the presence of water tended to increase the openings at the upstream face and
decrease them at the downstream face. Also, water penetratidn would be greatly
facilitated by sliding along a rough crack due to dilation of the crack. The combi-

nation of an unfavorable crack profile with water penetration could lead to failure
under much less intense excitation than used here.

9) Future work is needed to allow water penetration into open cracks. At
present, this appears very difficult because the membrane is needed not only to
prevent the water from deteriorating the plaster-based model (the upstream face of
which could be water-proofed), but to prevent leakage around the model monolith.
Of course, proper modeling of water penetration would add a number of fluid
" material parameters to the similitude requirements, so considerable difficulty could
be encountered in the scaling.

10) The stability exhibited by the favorable crack profiles seen in this study
suggests the use of a joint, say, with a location similar to the sloping crack that
developed in the second composite model, as a defensive design measure against
earthquakes. This joint would prevent an unfavorable crack profile from forming,
and could be keyed to restrict sliding and sealed with a flexible cap at the upstream
face to prevent water penetration. Formation of branch cracks as seen in tests on
the monolifhic and first composite models could be countered with selective use
of steel reinforcement. Such a system could be accurately modeled mathemat-
ically and experimentally, without concern over possible water penetration and

parameter sensitivity of a seismically induced crack. Of course, other schemes for
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defensive design against earthquakes are also feasible, such as reshaping the dam
cross-section in order to thicken the neck region, or the use of a light-weight crest

structure.
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