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Abstract

The nonlinear seismic response of concrete gravity dams is investigated exper­

imentally through the use of small-scale models. Of primary interest is crack

formation, crack opening and closing, and sliding along crack planes. Also

of concern is the stability of the structure after cracking. Three small-scale

models (length scale - 115) of a single monolith of Pine Flat Dam are tested

to determine the extent of such behavior and its effect on structural stability.

The models are construct,ed of one polymer-based and Lwo plasLer-based 1110.­

terials developed for these experiments. The plaster-based materials fulfill the

strength, stiffness, and density requirements established by the laws of simil­

itude, while the polymer-based material fulfills only the stiffness and density

requirements and is used only in the lower part of the dam where cracking

is not expected. The excitation is a modified version of the :NODE compo­

nent of the 1940 Imperial Valley earthquake, applied to each model's base in

the stream direction through a vibration table with high-frequency capability.

Tests are performed with and without water in the reservoir. The response of

each earthquake test is prf'sf'nten in thp form of accf'1f'rat,ion an~ i1isplacf'mf'nt

time histories, Fourier spectra, and frames taken from high-speed films of the

model';:, rc;:,pomle. The re;:,ult;:, of the expel"irnent;:, indicate that the neck l"egion

of a concrete gravity dam is most susceptible to cracking, although crack pro­

files can differ as a result of variations in excitation, material properties, and

construction techniques. These results also indicate alternate design techniques
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which could improve the seismic stability of a cracked gravity dam.
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Chapter 1

Introduction

The consequences of a structural failure of a concrete gravity darn are quite seri­

ous. Of primary importance is the possibly large loss of life associated with such

a catastrophe. Secondary concerns include the destruction of nearby property,

depletion of the area's water supply, and cost of repair attendant with the fail­

ure. These consequences demand that this type of structure be designed to safely

withstand the most severe loading conditions possible.

Gravity dams built in seismically active areas present a difficult problem.

While evidence indicates that a gravity dam can survive moderate earthquake

motions, little is known about the response of the dam to severe levels of excitation.

Of most concern is cracking of the concrete with subsequent opening and closing

of the cracks and sliding along the cracks. Additional damage can be caused by

high compressive stresses resulting from impacts during crack closure and from

small contact zones during maximum crack opening. It should be mentioned that

the occurrence of cracks does not imply complete failure, as demonstrated by the

survival of the 338 ft. high Koyna Dam during a magnitude 6.5 earthquake in

1967 (1, 2). The peak ground acceleration in the stream direction reached OA9gj

the duration of strong shaking lasted about 4 seconds; and the water level stood

37 ft. below the crest. After the earthquake, a major crack was noted at a level

120 ft. below the crest, which coincided with the level of slope change on the
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downstream face. Seepage from this crack indicated that it extended all the way

through the dam. The only other concrete dam known to have suffered cracking

as the result of an earthquake is Hsinfengkiang Dam (3), a 344 ft. high buttress

dam.

Thl" absl"ncl" of I"xpl"ril"ncl" for concrl'ltl'l gravity dams subjected to severe

ground motions (say, from a nearby magnitude 7.5 to 8.0 earthquake) has moti­

vated a number of attempts to mathematically model the nonlinear response in

order to determine whether or not a gravity dam could remain stable and retain

the impounded water during such an excitation. These analyses used a two­

dimen:sional finite element idealization and either a :smeared crack represenL<l.LiuIl

(4, 5, 6, 7, 8) or a discrete one (9, 10, 11). A summary of this work appears in

(8), and the point to be emphasized here is the large amount of variation in the

computed behavior of the dam regarding predicted crack locations, orientations,

and extents. The implication is that nonlinear earthquake analysis of a concrete

gravity dam is not straightforward and is highly uncertain, which motivates, along

with the absence of field data, laboratory experiments on small-scale models.

Just two shaking table tests on concrete dam models have been conducted

in the U.S. (12, 13), both on a single gravity dam monolith. Only in (12) was

attention given to developing a model material which maintained similitude with

the prototype. Previous experimental modeling of concrete dams in the U.S.

considered only linear response under static loading, and the major requirement

of the model material was that it be soft enough to facilitate the measurement of

strains and displacements. A plaster-based material with a water-plaster ratio by

weight of about 2:1 sufficed (14). Dynamic nonlinear models, on the other hand,

require similitude for stiffness, strength, and density and generally must be much

softer than those used for static tests, requiring a water-plaster ratio by weight of,
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say, 8:1. In addition to (12), information about materials for dynamic nonlinear

models of concrete dams ,although sparse, can be found in references from Japan

(15, 16), Italy (17, 18), and Russia (19, 20, 21).

The tests performed in (12) were carried out on a single model of a monolith

of Koyna Dam and are described in detail in that reference and in (22). With a full

reservoir, the model remained stable in the presence of a crack which propagated

all the way through the upper section of the dam. Table accelerations exceeded

19. Most of the foreign tests have been carried out on arch dams (15, 16, 18, 21,

23), with the exception of a three-dimensional model of a concrete gravity dam

in a centrifuge (20) and a series of tests on individual gravity dam monoliths in

which horizontal construction joints were represented (19). The descriptions of

the results from the foreign tests in the listed references are all lacking in detail.

Purposes of the present investigation are to perform more of the tests of

the type described in (12) in order to extend the data set, and to improve the

experimental technique, such as by the use of a shaking table with better high­

frequency capability, by capturing crack propagation with a high-speed camera,

and by developing new model materials.

Chapter 2 details the requirements on the model materials established by

the laws of similitude, the properties of the system to be modeled, and the model

construction technique.

Chapter 3 describes the equipment and procedures used for testing.

Chapter 4 presents the test results.

A summary of the major conclusions and details of possible future work are

included in Chapter 5.
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Chapter 2

Model Development

2.1 Introduction

Small-sca.le modeling of the nonlinear dynamic response of concrete gravity dams

places unusual demands on the properties of the model material. Although a

recipe for a plaster-based material was available (12), difficulty was encountered

in reproducing the desired properties. Therefore, a new material development

program was carried out, which resulted in three useful model materials. Because

the plaster-based materials were prone to shrinkage, con:struction of the IllUUe!

proved to be difficult and two construction methods were employed. Details of

these efforts are described in this chapter.

2.2 Laws of Similitude and Material Development

In order for the behavior of a small-scale model to accurately represent the corre­

sponding behavior of its prototype, or full-scale structure, the model must follow

certain laws of similitude. These laws, which are determined by a dimensional

analysis of the problem under investigation, are relationships among the dimen­

sionless ratios formed by corresponding parameters of the prototype and model

structures. They establish requirements for the materials used to construct the
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model and the loading used to excite it.

Physical models are classified as either linear or nonlinear. A linear model

simulates the behavior of its prototype structure in the linearly elastic response

range only. Consequently, properties such as the compressive and tensile strengths

and the associated failure strains do not have to be scaled. The nonlinear model

should simulate the response of its prototype through failure. As a result, the

stress-strain relations of the model material must be properly scaled from those

of the prototype material. In order to model the failure of a concrete gravity dam

subjected to earthquake excitation, neglecting foundation interaction but including

Lhe reservoir fluid, the following system parameters must be considered: length L,

time T, the ground acceleration A, the stress-strain relations of the dam material

(represented here by the elastic modulus Ed, the tensile and compressive strengths

u~ and u~, and the tensile and compressive failure strains t:~ and t:~), the bulk

modulus of the reservoir fluid Ej, the mass densities of the dam and the reservoir

fluid Pd and Pt, the vapor pressure of the reservoir fluid Pt , the gravitational

acceleration g, and the atmospheric pressure P. The similitude relations generated

by a dimensional analysis of this problem, involving the above parameters, can be

written as:

where

SrT;
--=1
Pr L:

ArT;
--=1

Lr

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)
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(2.6)

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

and where p denotes prototype and m denotes model. Response parameters scale

as follows: L r for darn displacement, A r for darn acceleration, and Sr for darn stress

and fluid pressure. In the experiments carried out here, Gr = 1 and equation 2.3

becomes

(2.12)

which, from equation 2.2, leads to

(2.13)

From equations 2.1 and 2.13,

(2.14)

Equation 2.5 indicates that the standard atmospheric pressure should be

reduced by the pressure scale Sr in the model environment. This requirement also

applies to the bulk modulus and vapor pressure of water, the prototype reservoir

fluid. Because the density of most 'heavy' fluids is no more than a factor of two

greater than that of water, Sr can be significant for small-scale models. Conse-

quently, the requirements of equation 2.14 for the vapor pressure and bulk modulus

of the model fluid and for the atmospheric pressure in the model environment can-

not be met. This results in a model fluid that represents an incompressible fluid
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that cannot cavitate. Such is the case in these experiments, in which water is the

model reservoir fluid. The use of water as the reservoir fluid also establishes the

density scale Pr as one, which requires that the material used to construct the

model dam have a density equivalent to that of concrete. Regarding the absence

of cavitation in the model fluid, the use of a membrane in the model between the

dam and the water (as discussed later) allows separation along the dam-membrane

interface whenever the water pressure reduces to atmospheric pressure. This phe­

nomenon should be a reasonable representation of prototype cavitation (12).

The selection of a length scale L r is typically based on the size of the proto­

type structure and the capabilities of the testing facility. The length scale for the

present experiments is 115 which, when substituted into equation 2.14 with Pr = 1,

results in a value of 115 for Sr' From equation 2.5, the model dam material must

possess a modulus of elasticity, compressive strength, and tensile strength which

are a factor of 115 less than the prototype concrete. Equations 2.4 and 2.11 state

that the compressive and tensile failure strains of the prototype and model mate­

rials must be equal. Table 2.1 lists typical values for properties of mass concrete,

the associated scale factor, and the target values for the model material.

A significant amount of work on the development of a plaster-based material

with properties similar to those desired has been done at the University of Cali­

fornia, Berkeley (UeB) (12). The result of that research was a mixture of plaster,

water, sand, lead powder, and celite with the constituent ratios given in Table 2.2

and the final properties shown in Table 2.3. For comparison, a typical plaster of

paris has an initial water:plaster ratio (w:p) of 0.5:1 by weight, a modulus of elas­

ticity near 1,000,000 p.s.i., a density of 75 p.c.f., a compressive strength of 2,000

p.s.i., and a tensile strength of 400 p.s.i. The initial w:p governs the final strength

and stiffness of the material, with an increased w:p decreasing the tensile and
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compressive strengths as well as the elastic modulus. Sand is believed to increase

the modulus of elasticity without affecting the strength of the mix. The addition

of lead powder not only augments the density of the material, but also establishes

a lower bound for its Young's modulus. Celite is used to control workability by

absorbing excess water and decreasing the fluidity of the IIlaterial.

Comparison of the model material target values and the properties attained

by the DCB material indicates that the latter are close to the values required here.

Thus, initially, a series of tests was conducted on plaster-based materials with the

same components as the DCB mixture and similar component ratios. Test speci­

mens were typically mixed for tell 11lillute15 and ca::;t ill alumiIlUIIlor sLeel cylindrical

molds which had been treated with silicone spray in order to facilitate the release

of the specimen from the mold. Specimens were dried for 24 hours at 110 F and

were released from their cylinders after the first five hours. The diameter of the

test specimens varied from 1.5 to 2.0 inches, while the length:diameter ratio varied

from 2.0 to 3.0. Uniaxial compression tests were used to determine the Young's

modulus and compressive strength of the material, while split cylinder tests were

used to measure its tensile strength. Tensile failure strains were not measured

during these tests, and recorded compressive failure strains were considered unre­

liable due to crushing at the point of load application. Loads were applied slowly

and so did not include strain-rate effects.

Four specimens were cast with constituent ratios identical to those of the

DCB mix. The binding agent employed was a twenty-minute casting plaster manu­

factured by U.S. Gypsum and the sand used was Nevada 120, with a grain diameter

of less than 0.15 millimeters. Testing indicated that the cylinders were substan­

tially stronger than desired with a compressive strength of over 110 p.s.i. and a

tensile strength of over 28 p.s.i., values which represent the limit of the testing
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equipment's capabilities. Further investigation attributed the large strength to the

lead powder (Pb), which apparently possesses binding properties in the presence

of water. Subsequently, it was found that this binding did not occur with lead

oxide powder (Pb30 4 ) , and an extensive cylinder testing program was initiated

with the same constituents as before but with PbS 0 4 replacing Pb. Concern over

the segregation of the lead resulted in a small grain size being chosen (99% of the

powder had a grain size less than 0.044 mm). Also of concern were the consistency

of the mix, and the time of set. Bleeding proved not to be a problem, so celite was

eliminated. A great number of tests arrived at the constituent ratios displayed in

Table 2.2 producing the material properties in Table 2.3 (Caltech 1). The material

consistently achieved these properties over many cylinders. Comparison of these

properties to the target values (Table 2.1) reveals that the modulus of elastic­

ity and compressive strength are less than required, while the tensile strength is

greater than required. These differences were considered acceptable. The consis­

tency of the material after mixing was excellent and little segregation of the lead

oxide powder occurred.

The above discussion has included the tensile strength of the dam material,

which is the major material property affecting crack initiation, but has omitted

other material properties which govern crack propagation, such as the critical

mode I stress intensity factor KIC. Linearly elastic fracture mechanics, which is

believed to be valid for fracture processes in concrete dams (9, 24, 25, 26), holds

that when the amplitude of the stress singularity at a sharp crack tip (the stress

intensity factor, say, K] for mode I) reaches a critical value (say, KIC for mode I),

crack extension occurs. Thus, material parameters such as K IC should be properly

scaled between prototype and model; otherwise, incorrect extents of cracks in the

model may result. Units of K IC are force per unit length to the 1.5, so the scaling
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factor, denoted by K r , is

(2.15)

following the previous analysis with G.. = 1. With L .. = 115 as for the present

experiments, K r = 1,233, a large value. No mention of this parameter in previ­

ous work on concrete dam modeling has been made, and, consequently, nothing

is known about the fracture mechanics of plaster-based materials. In fact, an

appropriate value for K Ie for dam concrete is not even available (24, 25, 26).

No fracture te~t~ hll,ve yet been conducted on the plMter-bll,3ed model materill,]

described previously.

The plaster-lead oxide powder mixture does possess some undesirable char­

acteristics. Lead oxide powder (and lead powder as well), when ingested in large

enough quantities, attacks the human nervous system and can prove fatal. Conse­

quently, respirators must be used when working with this substance. Saturation

of the sand and lead oxide powder is difficult, making thorough mixing an ardu­

ous procedure. The fineness of the dry constituents decreases the void size of the

mixture, which increases the amount of time required for the model to dry. Re­

leasing the set material from a mold can be difficult; vaseline seems to be the most

effective release agent for both wood and metal molds, but some bonding and loss

of material from the model surface inevitably occurs. Wood molds must also be

treated with a waterproofing agent such as form oil. Even after such treatment,

wood mold::; are generally not reu::;able becau::;e water ab::;orption cau::;e::; warping

of the wood. Finally, shrinkage on the order of 3% occurs as a result of water

evaporation. This shrinkage is the single most undesirable characteristic of the

mixture.

Because of the hazard associated with the fine lead oxide powder, a second
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material with the model target properties was developed. This material combined

lead (Pb) pellets (diameter of 1.6 millimeters) with plaster, water, sand, and

celite. Contact between the lead pellets was slight and no effects of the undesirable

binding were noted. The water:plaster ratio required was reduced to 6.5:1 from

the 8.5:1 ratio for the lead oxide powder mixture, with the benefit that the amount

of water lost during drying through evaporation and the resultant shrinkage was

reduced. The shrinkage of this material is less than 2%, a substantial reduction of

the 3% value associated with the plaster/lead oxide powder mixture. Surprisingly,

no significant segregation of the lead pellets occurred. Tables 2.2 and 2.3 display

the component ratios and final properties of this material (Caltech 2), respectively.

2.3 Model Geom.etry and Construction

The dam chosen as the prototype structure is Pine Flat Dam, a concrete gravity

structure located on King's River near Fresno, California. Figure 2.1 shows the

downstream elevation view of Pine Flat and a cross section of the highest non­

overflow section. This dam was selected because its dimensions are typical of large

gravity dams and because it has been the subject of several numerical studies as

well as two sets of field tests performed in 1971. Pine Flat Dam is separated into

vertical monoliths by vertical contraction joints running the height of the dam

and placed at approximately 50 foot intervals along its length. The joints do not

contain mortar, nor are they shear keyed, and experimental evidence indicates that

some independent vibration of the monoliths occurs when they are subjected to

low levels of excitation in the upstream-downstream direction (27). Consequently,

it is assumed that they will respond individually to moderate and severe ground

motion in this direction. This assumption provides some justification for testing
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of a single monolith rather than the entire dam. The taller, nonoverflow monolith

was chosen because it would be the most highly stressed during an earthquake

and because the region of the neck has a high potential for cracking. The cross

section shown in Figure 2.1 gives the dimensions of the monolith to be modeled.

The model was to be placed on a 36- by 44 in. vibration table, which would apply

the excitation motions to its base. A length scale of 115 was chosen to ensure that

the table could accommodate the size and weight of the model, and resulted in a

base dimension of 33l" for the model dam. The model dimensions are shown in

parentheses in Figure 2.1.

The model was made by mixing 2.25 cubic feet uf the plaster/lead oxide

material and pouring it into the wooden mold shown in Figure 2.2. The pouring

and mold-removal processes governed the design of the mold. Originally, the

pouring, setting, and drying stages were carried out with the mold in the horizontal

position. However, cracking occurred on the bottom face of the model during

drying and necessitated the development of an alternate technique. In the new

process, the material was poured into the horizontal mold, which was then covered

and sealed, rotated to its vertical position, and placed on the table. Thus, the

setting and drying stages occurred while the model was on the table in the vertical

position. The compressive stresses generated by the weight of the material reduced

the possibility of horizontal shrinkage cracks, although such cracks could still form

if the material stuck to the mold. The prevention of this sticking is particularly

important for the upper third of the model, because the cracking induced by the

dynamic loading is expected to occur in this area. The only sure way to prevent

shrinkage cracks in this region is to reduce the contact with the mold. This was

possible because the upper portion of the model set reasonably quickly, much faster

than the lower two thirds, due to the large amount of material at the base of the
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model. Thus, the mold was constructed so that the top part could be removed or

pealed back, while still providing support to the lower portion of the model. This

design also facilitates the drying process by allowing more contact with the air.

Due to the large water:plaster ratio, the setting and drying processes required

a large amount of time. At room temperature, three to four weeks were needed

for a complete set; i.e., for the model to gain enough strength to maintain its own

shape. During this period, the sides of the mold remained in place to provide

stability to the model. A thin wire was passed between the model and these

sideboards in order to prevent the material from hanging up. Unfortunately, this

procedure did not prevent the occurrence of shrinkage cracks, which originated

at the base and propagated upward. Such cracks were revealed after the model

had set and the sideboards had been removed, and, during the subsequent drying

process, they grew to a width of !" and extended up to 18" vertically from the

base. Figure 2.3 shows the extent of cracking in one of the earlier models. The

cracks were caused by the friction developed between the wooden base of the mold

and the model. This friction prohibited shrinkage from occurring along the base,

and the resulting tensile stresses caused cracking. While the upper portion of the

dam remained crack free, the vertical shrinkage cracks were too large to ignore,

and several modifications were implemented.

In order to provide more freedom for movement over the base of the mold,

an aluminum plate was placed over this base and covered with a 0.004 in. thick

sheet of teflon. If the material bonded to the teflon sheet, the sheet would wrinkle

and slide over the aluminum plate as shrinkage occurred. If bonding did not

take place, the material would slip over the teflon sheet as the model shrank.

Although this technique still restrained shrinkage enough to initiate vertical cracks

during the setting stage, they were smaller than before. These cracks were filled
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with Duco cement, and, to prevent further opening during the drying process,

aluminum plates were placed on the upstream and downstream faces of the model

and tightened against the model with threaded rods (Figure 2.4), putting the dam

in a state of horizontal compression. The drying process required about three

weeks, during which time the model was wrapped in plastic sheeting and kept at a

temperature of 95 F. The plates needed tightening periodically during the drying,

but caution was necessary to prevent overstressing of the model in the contact

regions.

Using the above technique, the time between the pouring stage and testing

was 6-7 weeks. This fact, coupled with the shrinkage crack problem at the base,

led to the development of a composite model. Because the cracking caused by the

dynamic loading was expected to occur within the upper half of the model(8), the

material strength did not have to be represented in the lower half, which could

be made of a material that satisfied the modulus and density requirements only.

This lower half would effectively transmit the table motion to the top half of the

model, which would be made of a plaster-based material. The plaster portion was

cast in the same manner as the complete model, with the horizontal mold being

covered, sealed and rotated into a vertical position after pouring. However, due to

its reduced size, the setting and drying stages required much less time. Shrinkage

was less of a problem, and the smaller plaster portion fit into an available oven.

After drying, the top half of the model was epoxied to an aluminum plate and

bolted to a second aluminum plate that had been fixed to the top of the bottom

half (Figure 2.5).

The material developed for use in the lower half of the model was an epoxy­

based compound. The polymer, Epoxylite Corporation's 8181-42, derives its

strength from a chemical reaction between its two components, which are orig-



15

inally in liquid form and are mixed in a 1:1 ratio by volume. One constituent is

an epoxidized oil containing aluminum oxide and barium, the other a polymerized

fatty acid containing aluminum oxide and barium sulphate. In its liquid state, the

epoxy is easily poured into a mold, and a chemical releasing agent simplifies mold

removaL The material has a modulus of elasticity of approximately 5,000 p.s.i.,

a weight of nearly 150 p.c.f., and strengths well above the model target values.

In order to increase the modulus of this material, glass beads 3 millimeters in

diameter were added in a ratio of 20:1 by volume to the epoxy. The same lead

pellets used in the plaster mixture were added to the polymer in a ratio of 2:1

byvulume Lu {;umpell:Si:l.Le fur the redudiun uf uen:siLy {;i:l.u:seu by Lhe inclusion of

the glass beads. At room temperature, this compound cures in three to four days

with minimal shrinkage. One objection to the epoxy base is its viscoelastic nature,

which results in a material damping higher than that of concrete.

The model reservoir was a 72" by 46" by 5.25" wooden tank supported by

eight posts placed off the vibration table on a concrete slab. The reservoir was also

supported by a steel wire rope running from the top of the tank to the stationary

base of the vibration table. This rope offset the horizontal force on the reservoir

created by the reaction of the model to the hydrostatic pressure. The open end of

the reservoir was placed several inches from the model's upstream face to allow for

movement of the model. Plates were attached to the outsides of the reservoir and

projected from this end past the upstream face of the model, creating a reservoir

width of 6.75" in this area. These plates were made of aluminum over the lower

half of the reservoir but of Plexiglas above so as not to obstruct filming of the

model's response. To prevent water seepage from the wooden tank, flow out the

open end of the tank around the model, and water damage to the plaster-based

model material, the wooden tank was lined with a 0.004 in. thick polyethylene
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membrane. Near the dam, this membrane was supported on the sides by the

aluminum and Plexiglas plates and below by a rubber belt mounted beneath the

reservoir. Enough slack was present in the membrane off to the sides at the

upstream face of the dam so that the dam could retreat well over an inch from

the reservoir without any loss of contact between the rnem.brane and the dam.

face. Figure 2.6 shows a complete model dam-reservoir system, and Figure 2.7 is

a plan sketch near the upstream face of the dam. It is important to note that the

presence of the membrane prevents water from entering cracks during the times

they are open at the upstream face, and that little is known about the extent to

which waLer could peneLraLe ::iuch crack::;, The pre::;ence uf uplifL pre:;::mre ill Lhe

cracks would have a destabilizing effect on the portion of the dam above.
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Property Prototype Value Scale Factor Target Value

E 4,000,000 p.s.i. 115 35,000 p.s.i.

ad 4,000 p.s.i. 115 35 p.s.i.u ,
i

at 400 p.s.i. 115 3.5 p.s.i.u

p 150 p.c.f. 1 150 p.c.f.

E
C 0.0025 1 0.0025tl

Et i 0.00012 1 0.00012tl

Table 2.1: Assumed concrete properties, the associated scale factors, and the

model material target values.

i Parts by weight to one part of plaster

Component DCB Caltech 1 Caltech 2

Water 10 8.5 6.5

Sand 12 20 , 12

Lead 24.12 - 17

Lead Oxide - 25 -

Celite 2.2 - 2.25

Table 2.2: Constituent ratios of model materials.

Property DCB Caltech 1 Caltech 2

E (p.s.i.) 46,000 28,500 31,000

p (p.c.f.) 146 155 156

a~ (p.s.i.) 27.3 28.0 18.6

a~ (p.s.i.) 3.3 5.0 3.4

Table 2.3: Properties of model materials.



18

31
29 30

28

12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

SPILLWAY FLIP
BUCKET UP
EL60o.00

EL 570.00

I I I I I
000

10 11

7 8
9

MONOLITII
JOINTS

SLUICE OUTLETS
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Figure 2.1 :(b) Cross-section of Pine Flat Dam, monolith 18 (from reference 29).



"

F,p,. t.e "000 mold -.d .. form for model dam.

fi,utf- t.~ Shrinu.,;e tra<:b on earlier model.



4~"

-,r
3~"

----f

1/4" THREADED ROD

(BOTH SIDES)

1/2" ALUMINUM

PLATE

20

--J..
3~"

4

}>

Figure 2.4: Placement of compression plates torestriet shrinkage crack growth.

F£gure 2.5: Composite model jointed at mid-height.



21

Figure 2.6: Model dam-reservoir system.
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Figure 2.7: Plan view of dam-reservoir interface at top of model.
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Chapter 3

Experimental Procedure

3.1 Introduction

Dynamic field tests of full-scale structures typically employ two types of excita­

tion. In resonance testing, also known as frequency sweeps, harmonic loads from

vibration generators are used to determine dynamic properties. Ambient tests

employ naturally occurring random excitations such as wind or wave loadings. In

both cases, the amplitude of excitation is low and the response of the system is

linear.

Model testing allows a larger variety of excitations, and shaking tables can

be used to simulate earthquake loadings. Amplitudes of the excitation can be

selected to elicit linear or nonlinear responses. The shaking table used for the

present investigation has a high-frequency capability, which is necessary for testing

models that, for reasons of economy, must be tested at a very small scale, such as

concrete dams.

3.2 Apparatus

An MTS unidirectional servohydraulic vibration table delivered one horizontal

component of ground motion to the model. The table consists of a 36" by 44"
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steel plate supported by two granite blocks, each of which is enclosed in a steel

case. A thin layer of hydraulic fluid between the granite and steel provides a sur­

face of minimum friction to facilitate table motion. The table is driven by a 3"

diameter piston mounted directly beneath it. The piston is capable of producing

3300 pounds of dynamic force over a frequency range of 0-150 Hz with a 3" peak

displacement amplitude. Movement of the piston results from the porting of hy­

draulicfluid pressurized to 3000 p.s.i. Porting (and, consequently, table motion) is

controlled by circuitry in the dynamic response controller, which can be operated

in acceleration or displacement control modes. Under acceleration control, excita­

tion waYefor~are Illaintained by compa,ri!lOIl uf tilt: rIWS value of the input signal

to the rms value of the table motion, which is monitored by system accelerometers.

The error signal generated by this comparison is applied to a servovalve, which

attempts to compensate for discrepancies by modifying the flow of hydraulic fluid

to the piston. Results in Chapter 4 will illustrate how well an input waveform is

reproduced. Two sources provided the signals used to drive the table, depend­

ing on the type of test being carried out. A Hewlett-Packard function generator

produced sinusoidal signals for the frequency sweeps, while a computer controlled

digital-to-analog converter (DAC) was used for the earthquake excitations. This

DAC, designed and built at Caltech, can convert digitized signals to their analog

form at a maximum rate of 200,000 samples per second. The function genera­

tors were controlled manually, while a Zenith 120 personal computer initiated the

earthquake tests through interactive software and output signals to the DAC.

Acceleration and displacement transducers were used to record the model's

dynamic response. Entran accelerometers were selected because of their size and

frequency response characteristics. They possess a flat frequency response to 250

Hz, measure 0.27" x 0.14" x 0.14" , and weigh 0.5 grams. The particular accelerom-
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eters employed had full scale ranges varying from 10 to 500g and outputs varying

from 0.5 to 12 millivolts per g. Schaevitz linear variable differential transformers

(LVDT) were utilized as displacement transducers. The frequency range of these

devices is 0 - 1 kHz, and, for a full scale range of +/- 0.5", the output averages

6.10 volts per inch. An LVDT with a range of +/- 1.0" and an output of 4.56

volts per inch was also used.

The accelerometer signals initially passed through an 8 channel amplifier

with selectable gains ranging from 1 to 1500. They were then transferred to a

high pass filter to eliminate any DC voltage component. The conditioned signals

are sent through a second amplification stage and another high pi:LISB filLer before

entering an analog-to-digital converter (ADC). The displacement signals passed

through a single, independent conditioning stage, which included amplification

and high pass filtering, prior to entering the ADC. The ADC is a 16 channel,

12 bit integrated circuit design with a maximum sampling rate of 28,570 samples

per second. Full scale output of the ADC is selectable and corresponds either

to +/- 2.5 volts or +/- 5.0 volts. The output of the ADC is stored in computer

memory and written to a 5.25" floppy disk. The data sampling and storage are

accomplished simultaneously with the output of the excitation on the same Zenith

120.

Two methods were tried for recording crack initiation and propagation in

the model. The first used strips of nickel print, a conductive paint that was

applied to the surface of the model dam perpendicular to the probable path of

crack propagation. The Zenith computer was set to monitor a small current

flowing through each strip and to record the time when the current stopped, which,

hopefully, would be due to breakage of the strip caused by the propagating crack.

However, tests of an early model (not one reported on here) showed that the nickel
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strips could span a crack of enough width so that the propagation information was

not captured. Thinning of the nickel by a solvent (toluene) was also tried, but

current stoppages were then detected under tensile strains not associated with

cracking, probably due to microcracking in the strips. Consequently, the method

was abandoned.

The second method was high-speed photography and employed two 16 mil­

limeter cameras. The primary camera was a Photosonics IP placed approximately

seven feet from the model, photographing the region of the neck of the dam on a

flat side which represents a joint plane. At this distance the field of vision includes

8.5 vertical inche5, and the intent of thi5 cl05e p05itioning wa.s to captul-e detailos

of the crack initiation and growth. The second camera, a Redlake Locam, was

located 8 ft. behind the primary camera. Cracking would be more difficult to

discern from this distance, but the relative motion of the portions of the model

separated by the crack would be more clearly visible. The frame rate of the pri­

mary camera was 180 frames per second (f.p.s.), that of the secondary camera 500

f.p.s. Filming was initiated manually prior to excitation, but computer control of

the cameras is available. The resulting 16mm films are believed to be the first

high-speed visual records of the cracking and post cracking behavior of a dam

model.

3.3 Testing Procedures

Tests were performed on three separate models. The first was made entirely

of the plaster/lead oxide material (the monolithic model). Frequency sweeps and

earthquake tests were carried out on this model without a reservoir. The remaining

two models were composites with the bottom half made of the polymer, glass,
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and lead-pellet compound previously described. The upper half of one of the

composites was also made of the plasterjlead oxide mixture, while the upper

half of the other was made of the plaster/lead-pellet material. Frequency sweeps

were carried out on these models with an empty and a full reservoir; most of the

earthquake tests used a full reservoir. In th~ "full" r~s~rvoir, th~ wat~r level was

maintained two inches from the top of the model dam. All excitations were applied

in the upstream-downstream direction. All of the tests were carried out with the

base of the model dam fixed to the table. Although some sliding and opening

along the base could occur during a strong earthquake, numerical studies indicate

that nonlinear behavior in the upper part of the dam, especially in the region of

the neck, is more important regarding potential instability of the structure (8).

The first stage in the dynamic testing of each of these models was the deter­

mination of the modeFs natural frequencies and damping by means of a frequency

sweep. These sweeps were conducted with the table under acceleration control;

i.e., the controller maintained a selected table acceleration amplitude while the

frequency was varied over the range of interest. A sine wave was fit to the model's

digitized response data by a least-squares algorithm developed at Caltech (28).

The algorithm outputs the exact frequency of excitation, acceleration and dis­

placement response amplitudes, and phase differences between responses and the

excitation. With this information, frequency response curves and mode shapes

can be constructed.

In the test on the monolithic model, four accelerometers were placed on the

upstream face at distances of 5.625" , 13.812" , 30" , and 41.5" from the top of the

model (points 1, 2, 3, 4 in Figure 3.1). The time history recorded by the last of

these was considered to be the base motion of the model. Displacement transducers

were also placed on the upstream face at the same levels as the accelerometers.
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A fifth LVDT monitored the displacement of the table directly. For the tests on

the composites, where the reservoir structure was present, the transducers were

placed on the downstream face at the same elevations with the exception of the

accelerometer at point three, which was omitted. For the monolithic model, the

excitation amplitude was O_015g and the frequency range was 15-110 Hz. All tests

on the composite models were carried out at a base acceleration of 0.04g with a

similar frequency range. The response of each of the models during the frequency

sweeps should have been well within the linear range.

The second stage of testing, which used the same instrumentation as the fre­

quency BweepB, Bubjeeted the m.odel to earthquCLke-like tiule hi::;Lurie::;. A lmv-Ievel

excitation was followed by a high-level one sufficient to cause cracking. Further

tests on the cracked model were then carried out to investigate its stability. The

ground motion chosen was the NOOE component of the 1940 Imperial Valley, Cali­

fornia, earthquake, since its frequency content is representative of California earth­

quakes and since it has been used as the excitation in several numerical studies

of concrete gravity dams. The digitized acceleration time history contained 2688

acceleration points at an interval of 0.02 seconds, resulting in a duration of 53.74

seconds. The time scale was compressed by a factor of 10.72 before application

to the model. Linear interpolation between existing data points resulted in 8192

acceleration values used in the digital to analog conversion process. The ADC

sampled 65,520 total points, with a D to A conversion (excitation output) occur­

ring every eight samples. A total of 9 channels (4 accelerometers and 5 LVDTs)

were sampled during the tests on the monolithic model, resulting in 7,280 points

per channel and a Nyquist frequency of 728 Hz. Tests on the composites used

only eight channels, resulting in 8,190 data points and a Nyquist frequency of 819

Hz. All 60 Hz electrical noise contained in the recorded signals was filtered in the
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postprocessing by zeroing this component in the signal's Fourier transform. The

inverse transform then provided a time history free of the 60 Hz noise.
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Chapter 4

Test Results

4.1 Introduction

This chapter presents the results of the shaking table tests on three models of

a single nonoverflow monolith of Pine Flat Dam. Included are results from the

frequency sweeps and the earthquake tests; the latter typically include time his­

tories of the actual base acceleration, the response acceleration at point 1 and the

relative displacement between point 1 and the base, as well as Fourier transforms

of the base and point 1 accelerations, photos of the posttest crack state, and prints

of some of the film frames at specific instants of time. Recall that model displace­

ments scale as li5 those of the prototype, model and prototype accelerations are

the same, and the model time scale is compressed by a factor of 10.7. All recorded

displacements and accelerations are horizontal components (upstream direction

positive).

It is important that the frequency and damping of the fundamental mode of

the model approximate those of the prototype. Data on Pine Flat Dam is available

from previous forced vibration tests (27). With a water --level gO feet below the

crest, the fundamental resonance occurred at about 3.47 Hz with damping around

3% of critical. Results of a two-dimensional mathematical model (30) indicate

that this frequency is less than the fundamental frequency with empty reservoir
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by about 5%, which puts the latter at 3.65 Hz. An estimate for the full reservoir

case (water level 20 feet below the crest, which corresponds to the full model

condition) from the results of (30) comes to about 2.92 Hz (3.04 Hz if water

compressibility is neglected). Thus, reasonable target frequencies for the model

would be 39 Hz with empty reservoir and 33 Hz with full reservoir; the latter uses

the incompressible water value since water compressibility does not scale, and is

15% below the empty reservoir frequency. It should be noted that higher modes of

the model will not correspond to those observed during the forced vibration tests

on Pine Flat Dam because of the large effect of three-dimensional action on the

higher modes of the prototype.

4.2 Monolithic Model

This model was constructed entirely of the plaster-based model material (lead

oxide powder) and was subjected to a frequency sweep and several earthquake

tests, the last two of which involved nonlinear behavior. The reservoir was omitted

in a.ll CMes. In order to mainta.in the integrity of the lower part of the da.m where

some vertical shrinkage cracks had been repaired, the compression plates (Figure

2.4) were left on during the tests.

4.2.1 Frequency sweep (Figure 4.1)

Frequency response curves for the model (Figures 4.1(a) and 4.1(b) for points 1 and

2, respectively) indicate a fundamental frequency of 37.7 Hz (3.51 Hz prototype)

and a second natural frequency of 96.4 Hz (9.01 Hz). Damping coefficients were

determined by the half-power method as 3.8% of critical and 2.8% of critical,

respectively. The frequency and damping of the fundamental mode are close to
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the field measured values mentioned above. The absence of a second resonance

for point 2 (Figure 4.1(b)) is due to the proximity of a node in the mode shape at

the transducer location.

4.2.2 Low-level earthquake tests (Figures 4.2 through 4.7)

As previously mentioned, the acceleration input to the table was the NODE com­

ponent of the 1940 Imperial Valley earthquake with its time scale compressed by a

factor of 10.7 and its amplitude adjusted variously. The first three seconds of this

time history, together with its Fourier transform, appear in Figure 4.2 (amplitude

scale of one). An initial test at a low enough level to produce only linear behavior

resulted in the actual table motion shown in Figure 4.3. The Fourier transform,

also shown in the figure, is depressed in the vicinity of the fundamental frequency

of the model dam (31 to 48 Hz). This undesirable behavior was attributed to

inadequacy in the table control capability and was remedied by increasing the

frequency content in this trequency interval. The Fourier transform of the original

input was multiplied by the function shown in Figure 4.4 which, after an inverse

Fourier transform, yielded the modified table input time history shown in Figure

4.5. This time history was used to drive the table in subsequent tests, including a

second low-level one, results of which appear in Figures 4.6 and 4.7. Considerable

amplification of the motion at point 1 in the vicinity of the fundamental frequency

of the dam is evident in Fig. 4.7.

4.2.3 Initial cracking earthquake test (Figures 4.8 through 4.11)

The amplitude level of the table input was increased significantly in order to

ensure crack formation. The table acceleration reached 1.7g, although this peak

was preceded by the cracking. Initiation and propagation of the cracks are well
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documented by the film of the model's response. Frame by frame analysis of the

film reveals that the first crack originates on the upstream face 13.7 in. (131.3 ft.)

below the crest (Figure 4.10(a)) directly after a 1.01g upstream base acceleration

pulse (peak A at 0.404 sec. in Figure 4.8(a)). This crack initially propagated

horizontally but then dipped down ac; it neared the downstream face (Fig_ 4_1O(b)),

stopping approximately 2.75 in. (26.4 ft.) from this face. It is expected that a

crack path along the plane of principal tension would look similar to the obtained

profile. Presumably, the crack stopped because the stress intensity factor dropped

below the critical value. The maximum downstream relative displacement of point

1 aSr:lociated with the opening of the crack immediately after it formed war:l 0.044

in. (5.1 in.) at 0.421 sec. (peak B in Fig. 4.8(c)). After a 1.1g base pulse in

the downstream direction (peak C at 0.419 sec. in FigA.8(a)), the dam swung
"

upstream, closing the crack to the upstream face and creating tensile stresses

on the downstream side parallel to this face. In the frame of Fig. 4.10(c), the

crack has extended to the downstream face in a direction perpendicular to it. The

direction of propagation is thought to be from the old crack tip to the downstream

face. Presumably, when the tensile zone spread inward to the old tip and reached

sufficient amplitude to satisfy the propagation criteria (at which time initiation

criteria were not satisfied on the downstream face), the crack restarted, but in

a new direction since the plane of principal tension was now perpendicular to

the downstream face. The maximum upstream relative displacement of point 1

associated with the opening of this segment immediately after it was formed was

0.063 in. (7.3 in.) at 0.450 sec. (peak D in Fig. 4.8(c)).

Two other cracks formed off the initial crack later in the time history as seen

in Fig. 4.11, and probably resulted from impacts and high shear stresses along the

plane of the initial crack. The first started 1.75 in. (16.8 ft.) from the upstream
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face and propagated downward and the second started 3.0 in. (28.8 ft.) from the

downstream face and propagated upward. Figures 4.10 (d) and (e) show the first

frames in which the two cracks were visible and correspond to times of 0.97 sec.

and 1.15 sec., respectively.

The response of the top block of the dam exhibited a strong 12 Hz motion,

which is seen in the time histories of Figs. 4.8 (b) and (c) and in the spectrum of

Fig. 4.9(b). It would be wrong to conclude that this is solely a rocking frequency,

because an examination of the film showed a complicated Tocking-sliding motion

with significant impacts on the steeper downstream segment of the initial crack.

The:se impact:s could produce large up:stream accelera.tioll:S, which cuulU exvlain

the sharp upstream spikes in the acceleration record at point 1 (Fig. 4.8(b)). The

sequence shown in Figs. 4.10 (f) through (n) is representative of the complicated

motion of the cracked dam. Of particular note are the impact on the downstream

segment of the initial crack in Fig. 4.100) and the impact near the upstream face

in Fig. 4.1O(m). Peak relative displacements during the test at point 1 reached

0.069 in. (7.9 in.) upstream at 2.349 sec. and 0.053 in. (6.1 in.) downstream at

1.1 sec. (peaks F and E in Fig. 4.8(c)). The residual displacement at point 1 is

only 0.005 in. (0.6 in.), probably a result of the resistance to sliding provided by

the V shape of the initial crack.

4.2.4 Second high-level earthquake test (Figures 4.12 through 4.15)

Since the dam did not fail in the previous test, another test was conducted to

further observe the stability of the dam in the presence of cracks. The amplitude

level was increased and resulted in a peak base acceleration of over 3.75g in both

the upstream and downstream directions. Because 3.75g represents the maximum

possible voltage input (5 volts) to the ADC, precise measurement of the peak
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value was not possible. A spurious voltage from the DAC delivered a pulse to

the table at the beginning of the excitation which created upstream displacements

exceeding the range of the LVDTs during most of the first 0.6 s. During this

period, the top block impacted the wedge of material formed by the vertical crack

(Fig. 4.14(a)) near the upstream face and dislodged it (Figure 4.15). Interestingly,

the resulting loss of bearing to the top block did not cause failure of the structure,

even though subsequent shaking was strong. Fig. 4.14(b) shows an example of

the rocking displacement exhibited by the top block subsequent to loss of the

supporting wedge. Note from Figure 4.15 that little permanent displacement of

the top block occurred.

4.3 First Composite Model

This model employed the polymer-based lower portion and the plaster- based top

(lead oxide powder). Frequency sweeps were carried out with and without water

and were followed by four high-level earthquake tests with various reservoir con­

ditions. When water wa.s included, the level Wai5 placed 2 in. (19.2 ft. protutype)

below the crest of the dam.

4.3.1 Frequency sweeps (Figure 4.16)

A frequency response curve for the dam with empty reservoir appears in Figure

4.16(a) and shows resonances at 48.5 Hz (4.5 Hz) and 100 Hz (9.3 Hz). These

values exceed those of the monolithic model; however, the frequencies are still in

a reasonable range. Possible reasons for this increase could include a more intact

model (recall the shrinkage cracks in the base of the monolithic model) and a

high dynamic modulus of the polymer material. Larger than desired damping



36

values (9.9% of critical in the fundamental mode and 8.4% in the second mode)

for the composite model can be attributed to the viscous nature of the epoxy and

represent a disadvantage of that material. In spite of this large damping, it was

felt that much could still be learned from earthquake tests, and four were carried

ouL The table accelerations used in some of these tests, much stronger than those

measured during actual earthquakes, should be viewed with these damping values

in mind.

The addition of water in the reservoir decreased the resonant frequencies of

the two modes to 40 Hz (3.7 Hz) and 94 Hz (8.8 Hz); damping values were 11% and

8% uf nitka.l, re:;pectivdy (Figure 4.16(b)). The reductiuIl in the resonant fre­

quency of the fundamental mode is approximately 18%, somewhat larger than the

15% predicted by the two-dimensional mathematical model. Actually, a smaller

decrease would be more logical considering the existence of some lateral flexibility

in the sides of the reservoir structure and the flexibility of the membrane in the

slack area off to the sides of the upstream face of the model (Fig. 2.7). In addition,

the table control system had difficulty in holding the fundamental resonance, as

is evident from Fig. 4.16(b). Explanations for this and the larger than expected

reduction in the resonant frequency of the fundamental mode, which were possibly

connected, were not found.

4.3.2 Initial cracking earthquake test (Figures 4.17 through 4.20)

The earthquake testing was begun with water in the reservoir. The table motion

which cracked the model had a peak acceleration of O.64g at 2.352 sec. (peak A in

FigA.17(a)). During the 0.025 in. (2.83 in.) downstream relative displacement at

2.364 sec. (peak B in Fig 4.17(c)) which followed this peak acceleration, a trace of

a crack opened on the upstream face 13~ in. (131.8 ft.) below the crest appeared.
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The next motion of the dam, which followed the a.33g downstream acceleration

of the base at 2.368 sec. (peak C in Fig. 4.17(a)), displayed the inclined crack

shown in Figure 4.19 open from the downstream face 8~ in. (82.6 ft.) below the

crest, whose occurrence coincided with the upstream relative peak displacement

labeled D at 2.384 sec. in Fig. 4.17(c). No other cracking or opening was evident.

Following the test, the dam was examined closely for visible cracks (Fig 4.20).

The cracks mentioned above on the filmed side are c-d-e and a-b; segment b-c was

not visible in the film. The crack profile on the opposite side differed from that

on the filmed side, consisting of a circular arc which intersected the downstream

face 1~ in. (146 ft.) below the intersection on the filmed Bide (Fig. 4.20). Thus,

the cracking was three-dimensional, which could have resulted from a number of

sources, including the presence of inhomogeneity in the dam. The extent to which

such 3-D cracking could occur in an actual dam monolith is unknown.

The observed crack openings in the film may not have coincided with actual

crack initiations because it seems unlikely, considering the geometry of the crack

a-b-c-d-e, that initiation from point e could have occurred first. A logical scenario

is that the crack a-b-c-d occurred first, and then d-e followed, propagating from

d to e during a downstream displacement, but this cannot be concluded from the

evidence.

4.3.3 Second earthquake test (Figures 4.21 through 4.24)

A major concern about the previous test was the possibility that the plastic mem­

brcme restrained the opening of the crack at the up:stream face of the uam. The

in-plane stiffness of this membrane was quite high, and the water pressed it firmly

against the dam. To reduce any resistance to crack opening provided by the mem­

brane for the second earthquake test, a lubricant was placed between the dam and
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the membrane, and a fold was inserted in the membrane at a level slightly below

the crack on the upstream face.

With an increased amplitude level, the table responded with the strongest

series of acceleration pulses early in the excitation (Fig 4.21(a)): peak A down­

stream (L56g, 0_195 sec_), p~ak C upstream (2_32g, 0_207 s~c_), peak E down­

stream (2.13g, 0.221 sec.)' and peak G upstream (1.22g,0.232 sec.). This part of

the acceleration produced the largest relative displacements (Fig 4.21(c)): peak B

upstream (0.042 in., 0.200 sec.) and peak H downstream (0.089 in., 0.250 sec.);

the maximum displacement of 0.089 in. corresponds to 10.2 in. prototype. The

film [nUIles uf Fig 4.23 illustrate this response; Fig. 4.23(a.) cunespumls Lu dis­

placement peak B and Figs. 4.23(b) and (c) are taken from the series D, F, and H.

During the latter, a new lower crack trace formed on the filmed side (see also Fig

4.24(a)). The mechanism of formation of this crack is unclear. Of course, by this

point, the cracked state of the dam is very complicated (Fig. 4.24). One feature

of the response evident from the film was that the larger crack openings occurred

on the upstream face, a logical effect of the static water pressure. Significant up­

stream openings occurred at downstream relative displacement peaks I, J, and K

in Fig. 4.21(c); frames in Figs. 4.23(d) and (e) are taken from peak 1. Also, note

that the permanent horizontal displacement was small (Fig. 4.21(c)).

Amplification of the acceleration response at point 1 in the present test was

much smaller than for the first test, which was linear for most of its duration. The

average of the Fourier transform in Fig. 4.18(b) between 20 and 50 Hz divided by

a similar quantity for Fig. 4.18(a) gives an amplification of about three (first test);

the same exercise for Fig. 4.22 (present test) gives essentially no amplification.

This feature is the result of the strong nonlinear behavior. The acceleration time

history at point 1 (Fig. 4.21(b)) shows a number of upstream and downstream
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spikes resulting from impacts. These impacts could have occurred during crack

closing and during collisions in sliding episodes.

4.3.4 Third earthquake test (Figures 4.25 through 4.27)

This test was another attempt to determine whether the plastic membrane, even

with lubrication and fold, was restraining crack opening on the upstream dam

face. The water and membrane were eliminated, and the important static water

force was approximately applied by a nylon strap placed across the upstream face

9! in. below the crest. This location coincided with the resultant of the static

water pressure above the crack on the upstream face. The strap was connected

to a rubber rope and tightened to load the model with this resultant force which

equaled 10 lbs. The rubber rope was flexible enough so that the expected dis­

placement would not significantly alter the applied force. Of course, in this test

the added mass effect of the water was not included.

The table excitation was similar to the one for the second test but scaled

down in amplitude to a peak acceleration of 1.56g (Fig. 4.25(a»). Resulting dis­

placements of the dam were roughly similar and proportionately smaller (compare

Figs. 4.21(c) and 4.25(c»). This added confidence to the results of the second test.

Fig. 4.26 shows that, like the second test, little amplification of the base acceler­

ation occurred at point 1.

4.3.5 Fourth earthquake test (Figures 4.28 through 4.30)

The upstream dip of the main crack in Fig. 4.27 suggested that absence of the

static water force might allow a significant sliding displacement in the upstream

direction. Therefore, a final test was conducted with neither the reservoir nor the

nylon strap present. The table motion was nearly identical to that from the third
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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. ~.28(c) equaled 0.05

in. (5.75 in.). That this sliding was not greater reflects the three-dimensionality

of the crack profile; Le., 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 crack 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 material, 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 represented). 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 Initial cracking earthquake test (Figures 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 Band

ran inward from the downstream face 6.9 in. (66.2 ft.) below the crest along a

straight path at an angle 21 degrees below horizontal (Fig. 4.34(0.)). An upstream

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 propagation is that the downstream segment formed

during displacement B and the upstream segment formed during displacement

D (prupagaLiun sLarting 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 I 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 maximum displacement had reached 0.035 in. downstream at 0.173

scc. (peak B in Fig 4.36(0)) and 0.063 in. upstream. at 0.203 scc. (peak 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, starting 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 som.e 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

at the interiur cuntad:::>, leaving a :5ignificant re:5idual 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 significant 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 sees. of the table

input used p.reviuu::sly Wa::S Tepeated uver the ::secund 2.5 BeCB. 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
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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] (-L72g, 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 Wa15 accompanied by duwn::stre(Llll 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, 0, 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 fa.ctor of 1.5. Cra.cks 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) employed 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 stres:! inten:!ity factor. In the numerical

model, the cracking extended to the opposite side by reinitiation along the side

of the initial sloping crack (Figure 4.43), rather 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: (al t=0.412 sec.

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 4.10: (c) t=0.430 sec.

Figure 4.10: (d) t=O.97 sec.
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Figure .4..10: (e) t=O.1.15 sec.

Figure.4..10: (f) t=O.80 sec.
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Figure 4.10: (g) t=O.806 sec.

Figure 4.10: (h) t=O.812 sec.
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Figure 4.10: (i) t=0.818 sec.

Figure 4.10: (j) t=0.824 sec.
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Figure 4.10: (k) t=O.830 sec.,

Figure ./..10: (1) t=U.836 sec.
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Figure 4.10: (m) t=O.842 sec.

Figure 4.10: (n) t=O.848 sec.
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Figure 4.14: (a) t=0.26 sec.

Figure 4.14: (b) t=1.2 /jet;.

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

on the monolithic model.
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Figure 4.16: Amplification at point 1 (dam acceleration/base acceleration) result­

ing from the frequency sweeps of the first composite model (a) without water and

(b) with water.
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Figure 4.19: Downstream crack opening during first test on first composite illudel

(t=2.384 sec.).
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Figure 4.23: (a) t=O.2002 sec.

Figure 4.23: (b) t=O.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 4.123: (c) t=O.2244 sec.

Figure 4.23: (d) t=0.4164 sec.
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Figure 4.23: (e) t=0.4244 sec.
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Figure 4.t!4: (a) Filmed Bide offirBt compoBite model after Becond 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 3hown 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 4.90: (a) Filmed side and downstream face of first composite after fourth

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

earthquake test.



90

13

. 12
0
0« 11

(l) 10
1I1
ro 9m

.......

0 8

0« 7

T""
6.....

C

0
5

a.. 4

3

2
20 60 80 100 120 140

(a) Frequency (Hz)

6

0 5.5

0« 5
Q)

1I1ro 4.5

m
.......
0

4

0« 3.5

,
..... 3
C

0 2.50-

2

1.5
20 40 60 80 100 120 140

(b) Frequency (Hz)

Figure 4.31: Amplification at point 1 (dam acceleration/base acceleration) result­

ing from the frequency sweeps of the second composite model (a) without water

and (b) with water.



91

2r------,r__-----,.------,----.,..-----,------.,
.--.en 1.5 C....,
o
o
<(
(J)
lI)
tU
aJ

0.5

-0.5

-1 A

-1.5
o 0.5 1.5

(a)
2 2.5 3

.
oo
<(
T""

+-'
C

oa.

6r------,r__-----,.-------.------r-----,----..,
4

-2

·4

-6
ok-----;;'T----~-----;1;';.5=----~2----.,n..----...,.,

(b)

0.04 r------,r__-----y----...,------.-----,-------,
F

c 0.02 8

a.
lI)

o
(l)

a:

o """""IU'
-0.02

-0.04

E G

-0.06 Jr---D---;;ll.c----~r__---___;l;.__---~----n---~0.5 1 1.5 2 2.5 3

(c) Time (sec.)

Figure 4.92: (a) Base acceleration, (b) acceleration response at point 1, and (c)

displacement of point 1 relative to the base for the initial cracking earthquake test

on the second composite model.



92

5
-.
0 4.5

Q)

~ 4

...;....
3.5-

CD
"0 3

:J
.:t:::

2.5-Q.

E
(
L. 1.5
Q)
'i:
:J
0
u.. 0.5

0
200

(a)

a.--------..---------,...--------r--------,

a.
E
(
L.
Q)
'i:
:J
o
LL

7

G

5

4

3

2

o 1I11:L:...----......,~----...L.._:.,rnn---...::..:......---...::..-----:r.:n.....;;..--.....I-..:..----3\no 100

(b) Frequency (Hz)

Figure 4.99: Fourier transforms of the base motion (a) and dam response at point

1 (b) for the initial cracking earthquake test on the second composite model.



93

Figure 4.84; (a) t=O.200 S~C.

Figure 4.34: (b) t=O.216 sec.

Figure 4.34: Film frames at specific instants of time of the initial cracking earth­

quake test on the second composite model.
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Figure 4.34: (c) t=0,4176 sec.

Figure 4.34: (d) t=0,4418 sec.
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Figure 4.34: (e) t=2.368 sec.
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Figure 4.95: (a) Filmed side and downstream face of second composite after initial

cracking earthquake test.

Figure ,r!l5~ (b) Oppositl" side and dowm;tTeam face of second composite after

initial cracking earthquake test.
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•
Figure 4.38: (a) t=O.173 sec.

jL

Figure 4.98: (b) t=O.20 sec.

Figure 4.38: Film frames at specific instants of time of the second earthquake test

on the second composite model.



Figure 4.38: (c) t=O.21 sec.

Fa"gure4.38: (d) t=O.24 sec.
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Figure ,/..!J8: (e) t=0.25 sec.

-

Figure 4.38: (f) t=0.27 sec.
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Figure 4.99: (a) Filmed side of second composite after second earthquake test.

Figure 4.99: (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 4-4~ Film frames at specific instants of time of the third earthquake test

on the second composite model.
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Figure 4.42: (c) t=O.26 sec.

Figure 4.42: (d) t=1.12 sec.
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Figure 4.42: (e) t=2.59 sec.

Figure 4.42: (f) t=2.61 sec.
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Figure 4.42: (g) t=2.62 sec.

-

Figure 4.42: (h) t=2.63 sec.
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Figure 4.42: .(i) t=2.67 sec.
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Figure 4.49: Cracking pattern from (8).
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Chapter 5

Summary and Conclusions

5.1 Summary

The purpose of these experiments wa.s 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

c:stabli:shed by the law:s of :similitude, a:s WM a polymer-baBed material which :sa.t­

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 daIIl 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 c.ameras. Frame by frame ana.lysis 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 mat.erials t.hat a.pproximat.ely sat.isfy

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 inve:stigatedj appropria.te value::; for prototype da.m 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 would 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 penetration 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 slidinR and sealed with a flexible cap at the upstream

face to prevent water penetration. Formation of branch cracks as seen in tests on

the monolithic 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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