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ABSTRACT

Although much attention has been devoted to understanding the dynamic
response of earth embankments to seismic loadings, relatively little effort has been
devoted to improving our understanding of fault rupture propagation through soils.
In particular, the effect of a base rock fauit displacement on the integrity and
serviceability of the saturated clay core of an overlying earth dam has not been
explored fully. Yet, a number of earth dams have been constructed over
potentially active faults. Since dam failures can be catastrophic events, it is
prudent to attempt to gain an understanding of the phenomenon of base fault
rupture propagation through overlying clays. This understanding would also assist
engineers in siting and designing buildings and other critical facilities constructed
in regions where clayey foundation soils overlie active faults.

It would seem appropriate to first review case histories which describe how
earth dams respond to base rock fault displacements. Unfortunately, however, no
well-documented case studies exist for this special case. Geologic studies of fanlt
rupture, however, do provide insights into how soils respond to fault movements.
For example, the changing surface expression of the Patton Bay Fault movement
during the Great Alaskan Earthquake of 1964 indicates that different overlying soil
deposits produce different types, orientations and magnitudes of surface
displacement.

Although field investigations provide information which suggests a number
of general trends, the case histories available exhibit variability because of the
complexities of the geologic materials and processes involved. To isolate critical
parameters for a more in-depth study of their influence on how a soil mass
responds to an underlying base rock fault displacement, previous investigations

involving physical model tests and numerical analyses of the fault rupture
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propagation phenomenon have been reviewed and evaluated. In addition, the
revie\v;f of literature was extended to evaluate two closely related topics: anchor
pull-out behavior and mining subsidence, in the hope that soil mpture behavior
analogous to that observed during fault rupture propagation could be studied.
Results from previous small-scale model studies involving testing of dry sands were
found to provide particularly valuable insights, though the applicability of these
studies to saturated clay soils is limited.

In addition to these reviews of case histories and previous research cffofts,
this study presents the results of a program of base deformation testing using 1 g
small-scale models composed of a weak saturated clay mixture. A 3:1 mixture of
kaolinite and sodium montmorillonite produces a material with undrained shear
strengths on the order of 10-100 psf and well-scaled stress deformation behavior
for small-scale model testing without the need for a centrifuge apparatus. The 1 g
small-scale models tested demonstrated failure behavior in close agreement with
that observed in the field. It was found that the height of the shear zone in the soil
above the base rock fault rupture was controlled primarily by the amount of base
movement and the stress-strain behavior of the soil.

The results from numerical analyses suggest that the finite element method
can be successfully applied to this class of problem provided that the soil's
nonlinear stress-dependent stress-strain behavior is properly modeled. Linear
elastic and linear elastic-perfectly plastic constitutive models produced inconsistent
results when employed in the finite element method, but nonlinear models
provided significantly better predictions of observed behavior. The results of these
studies have led to the development of analytical techniques for modeling fault
rupture propagation through overlying clays.

Finally, lessons learned from previous studies and case histories of fault

rupture propagation through earth dams; case histories and previous studies of
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earthquake fauit rupture propagation through soils; previous studies of two closely
related topics: anchor pull-out and mining subsidence; 1 g small-scale model tests
of fault rupture propagation through saturated clay; and finite element analyses of
fault rupture propagation through saturated clay have been synthesized to develop
recommendations for design provisions to minimize the potentially adverse effects

of earthquake fault rupture propagation on dam stability and integrity.
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CHAPTER ONE:
INTRODUCTION

Over the past three decades, much attention has been devoted to
understanding the dynamic response of earth embankments to seismic loadings.
Relatively little effort, however, has been devoted to improving our understanding
of the effects of a base rock fault movement on the stability and safe performance
of an earth dam. In particular, the effects of a base rock fault displacement on the
integrity and serviceability of the saturated clay core of an overlying earth dam
have not been explored fully. Moreover, the phenomenon of fault rupture
propagation through overlying soil deposits is not yet well understood.

Although engineers generally try to avoid building dams over potentially
active faults, a number of earth dams have been constructed over potentially active
faults. A partial list of earth dams known to be built over potentially active faults is
presented in Table 1-1. 1In fact, in seismic zones, it is becoming increasingly
difficult to avoid faults in the foundation as feasible alternate dam sites may not
exist. Also, potentially active faults may not be discovered at the chosen dam site
until a comprehensive site investigation is performed or until excavation of the
dam's foundation is initiated; after which point much time and money has already
been devoted to building the dam at the selected site. For example, the existence
of potentially active faults was not suspected at the Cedar Springs Dam site in San
Bernadino County, California until construction of the earth dam foundation was
initiated. Similarly, faults located at the proposed location of the Auburn Dam in
Placer County, California were not judged to be potentially active until a
considerable amount of time and money had been expended in site investigations

and 1n the preliminary design of the dam.



Table 1-1;

Dam

Cedar Springs
Calaveras
Austrian

Los Angeles
Coyote
Henshaw
Temescal
Hebgen
Lower Karori
Quail Lake
Lower Howell
Lake Ranch
Upper Howell
Palmdale

Harold

Location
(County & State)

San Bernadino, Calif.

Alameda, Calif.
Santa Clara, Calif.
Los Angeles, Calif.
Santa Clara, Calif.
San Diego, Calif.
Alameda, Calif.
Gallatin, Montana
New Zealand

Los Angeles, Calif.
Santa Clara, Calif.
Santa Clara, Calif.
Santa Clara, Calif.
Los Angeles, Calif.
Los Angeles, Calif.

Height (ft)

236
210
185
150
140
123
116
90
82
45
39
38
36
34
30

EXAMPLES OF EARTH DAMS BUILT OVER
POTENTIALLY ACTIVE FAULTS

Cleghorn

near Calaveras
near San Andreas
near San Fernando
Calaveras
Elsinore
Hayward

near Hebgen
Wellington

San Andreas

San Andreas

San Andreas

San Andreas

San Andreas

San Andreas



Since dam failures can be catastrophic events, it is prudent to attempt to
gain an understanding of the phenomenon of fault rupture propagation through
earth embankments. This understanding would also assist engmeers in siting and
designing critical buildings, utility and transportation systems, and other typés of
facilities constructed in regions where soils averlie potentially active faults.

The phenomencon of fault rupture propagation through overlying soils is
quite complex, and is not well understood at this time. The National Research
Council Panel on Earthquake Problems Related to the Siting of Critical Facilities
expressed this strong concern (National Academy of Sciences, 1980):

The problem [fault rupture pro\pagation through soils] is worthy of

more general study . . . The Panel believes there is no question that

our understanding of surface faulting features and how they might

affect a given site could be enhanced by further model studies,

theoretical approaches, and field studies of historical and Quaternary

faulting and its relationship to other geologic processes.
Hence, there is a need to improve our current level of understanding of fault
rupture propagation through soils and the resulting potentially hazardous effects of
tectonic movements on the stability of earth dams.

How would an earth dam respond to a fault offset in its foundation? One
might suspect that the dam might crack, but how much? How extensive would
shear or tension zones be? Would uncontrollable leakage of the reservoir water
impounded behind the earth embankment initiate?  Might this lead to
uncontrolled internal erosion? These types of potential concerns can be be divided
into six basic categories as exemplified by the following six critical questions which
must be addressed when designing an earth dam to be located over a potentially

act_ive fault:

(1) What is the extent of the likely shear rupture zone with increasing

magnitudes of base deformation?



(2) What will be the extent of tension zones or zones of potential hydraulic
fracturing with increasing magnitudes of base deformation?

(3) How much reservoir water could leak through disturbed core and filter
zones or through a disturbed foundation, and might this result in
uncontrolled internal erosion?

(4) How might the base deformation damage the slopes and crest of the
earth dam?

(5) Given the potential hazards associated with fault rupture propagation
through an earth dam, what are the characteristics of the dam core
material which can best mitigate these hazards?

(6) What other steps or design features are necessary for the safe

construction of a dam over a potentially active fault?

This study represents an attempt to further develop the knowledge and
understanding of the fault rupture propagation phenomenon, and hence, is a
necessary step in developing answers to these critical questions.

~

As mentioned, the attempt to gain insight into the complex fault rupture

propagation phenomenon is a difficult task. A number of variables can
significantly influence the nature of fault rupture propagation through soils. Any
real soil deposit is likely to be significantly nonhomogeneous. Existing planes of
weakness or rigid inclusions within a weaker soil mass will certainly cause the fault
rupture pattern observed in the field to deviate from any fault rupture pattern
predicted by theories based on the assumption of homogeneous soil masses.
Additionally, the soil may be saturated or partially saturated, it may exhibit varying
degrees of anisotropy, it may be cohesionless or cohesive, and it may display
contractive or dilative volume-change tendencies during shear rupture. Time

effects may be significant. Earthquake shaking, in conjunction with the movement



across the fault, may alter the response of the overlying soil deposit. The geometry
of the soil mass overlying the base rock fault {(e.g. level or unlevel ground; shallow
or deep soil deposit; soil types and conditions; and the three dimensional shape
and internal geometry of the earth mass or éembankment) may influence the fault
rupture propagation process. Of course, the type of fault movement and the
orientation of the fault relative to the earth structure will exert considerable
influence on the behavior of the soil during fault rupture propagation.

This investigation will concentrate on studying the effects of variations in
the most significant of these variables, and will accept that some limits will persist
in the level of accuracy and reliability which can be achieved in analyses of the
fault rupture propagation phenomenon. Nonetheless, the study of fault rupture
propagation through soil can provide invaluable lessons regarding the design of
earth embankments over potentially active faults.

The first stage of these studies consisted of a review and evaluation of
previous studies and case histories which describe how earth dams respond to base
rock fault displacements. No well-documented case studies exist, however, for this
special case. Hence, the literature review was increased in scope to include a
review and evaluation of geologic field studies, physical small-scale model studies,
and numerical analyses of fault rupture propagation. The literature review was
also extended to include the review and evaluation of prior studies dealing with
two closely related topics, anchor pull-out behavior and mining subsidence, in the
hope that scil behavior analogous to that displayed during fault rupture
propagation through soils could be observed. This reasonably comprehensive
review of the fault rupture propagation phenomenon, presented in Chapters Two
through Five, provided valuable insights into the earth dam/fault rupture problem.

Still, shortcomings in the adequacy of our current level of understanding

persisted. Although the field investigations provide information which may suggest



general behavioral or phenomenological trends, the surface faulting case histories
exhibit considerable variability because of the complexities of the geologic
materials, stratification and processes involved. Moreover, the results from most
previous physiéal model studies and numerical (analytical) model studies employed
dry sands; although these provide valuable insights, the applicability of these results
to saturated clay soils is limited. The core is the critical component of an earth dam.
Since the majority of earth dams possess. cores constructed of nearly saturated
clayey materials, this study focussed on development of an improved understanding
of the phenomenon of base fault rupture propagation through overlying clays,

In Chapter Six, the results from a program of base deformation testing on a
series of 1 g small-scale physical models composed of a weak saturated clay
mixture are presented. Previous studies had shown that a 3:1 mixture of kaolinite
and sodium montmorillonite would produce a material with controllable undrained
shear strengths on the order of 10-100 psf and well-scaled stress deformation
behavior for small-scale model testing without the need for a centrifuge apparatus.
The 1 g small-scale models tested demonstrated failure behavior in close
agreement with that observed in the field and provided key insights into the
phenomenon of fault rupture propagation through saturated clay.

To isolate critical parameters for a more in-depth study of their influence
on how a saturated clay soil responds to a base rock fault displacement, numerical
analyses were then performed, and these are described in Chapters Seven and
Eight. Comparison of the results from the numerical analyses with both
observations from field case studies as well as with the results of the 1 g small-scale
model tests described in Chapter Six, suggests that the finite element method can
be successfully applied to the fault rupture propagation problem provided that the
soil's nonlinear, stress-dependent stress-strain behavior is adequately modeled.

Linear elastic and linear elastic-perfectly plastic constitutive models produced



inconsistent results when employed in conjunction with the finite element method,
but relatively simple nonlinear soil behavior models provided significantly better
predictions of observed behavior. The results of the 1 g small-scale model tests
described in Chapter Six and the results of previous well-documented model
studies of anchor pull-out were used as a basis for the evaluation of the accuracy
and the reliability of the analytical procedures applied in this study. Additionally,
the general trends of soil behavior during fault rupture propagation observed in
field case histories and previous model studies were used to validate the
applicability of the analytical procedures employed in this study. Good agreement
between the numerical analyses, the 1 g small-scale model study, and case histories
and previous studies of fault rupture propagation provides strong support for the
accuracy and usefulness of the analytical methods employed in this research.

The results of this research have led to the development of analytical
techniques for modeling fault rupture propagation through overlying clays, and to
the development of recommendations for design provisions to minimize the
resulting potentially adverse effects on dam stability and integrity. These are
discussed and summarized in Chapter Nine, which also presents recommendations

for further research in this area.



CHAPTER TWO:
REVIEW AND EVALUATION OF PREVIOUS STUDIES OF FAULT
RUPTURE PROPAGATION THROUGH EARTH DAMS

2.1 Introduction

The phenomenon of fault rupture propagation through overlying soils is
quite complex, and is not well understood a't this time. To provide insights into this
class of problem, an extensive review of literature was performed to identify
previous work in this area. Because of the limited number of works concentrating
on this class of problem, the literature review was increased in scope to identify
related field case histories, physical model studies, and numerical analyses which
might improve our understanding of how movement on a bedrock fault might
propagate through overlying soils. Hence, literature in the fields of seismology,
geology, mining engineering, numerical modeling, and geotechnics was reviewed.
The results of this review of literature and an evaluation of prior field and model
studies of fault rupture propagation, as well as related areas of study, and the
principal lessons to be learned from them are presented in the following four
chapters.

Chapter Two is organized into four sections. Following this introduction,
previous studies of the effects of fault rupture on the performance of earth dams
are reviewed in Section 2.2. Next, earth dam fauit offset case histories are
described and reviewed in Section 2.3. Section 2.4 summarizes the lessons to be
learned from these previous studies and case histories of fault rupture propagation
through earth dams. As discussed, the literature review was extended in Chapter
Three to investigate available earthquake surface rupture case histories.
Additionally, physical and numerical model studies of the fault rupture

propagation phenomenon are reviewed and evaluated. The principal lessons to be



learned from the surface rupture case histories and the model studies of fault
rupture propagation are also described. Considerable effort has been devoted in
the past to improving our understanding of the anchor pull-out problem. Chapter
Four presents illustrative studies in this area in the hope that soil behavior
analagous to how soil responds to an earthquake fault movement in its foundation
might be observed Likewise, the mining subsidentce/earthquake fault analogy is
explored. Finally, in Chapter Five, key findings from the overall review and
evaluation of all of these case histories and studies are summarized, and
shortcomings in our current knowledge that warrant further field, laboratory and
analytical study are identified. Chapters Two, Three, Four, and Five thus comprise
a reasonably comprehensive review of the current state of knowledge regarding

fault rupture propagation through soils, as well as related areas of study.

22 Previous Studies of the Effects of Fault Rupture on the Performance
of Earth Dams

2.2.1 General:

Although much attention has been devoted to understanding the dynamic
response of earth embankments to seismic loadings, relatively little effort has been
devoted to improving our understanding of the effects of fault rupture on the
stability of earth dams. In fact, a comprehensive review of literature found only
seven works which directly addressed this problem. These works are summarized
herein and critical insights as well as potentially dangerous misconceptions from

these works are described.

222 Louderback (1937):
Louderback (1937) provided the first comprehensive study of the effects of

faulting on dams in his classical paper, "Characteristics of Active Faults in the
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Central Coast Ranges of California, with application to the Safety of Dams". This
paper demonstrated Louderback’s keen perception. He began, "In the search for
reservoir sites in the Coast Ranges of Central California, engineers since the early
days of such activity, have found the most satisfactory topographic features in fault-
line valleys." His paper attempted to answer the critical question that he posed in
the introduction, "Can a safe dam be built in a fault-line valley of a presumably
active fault, and, if so, what conditions should be fulfilled?" Louderback's paper
was orgariized into three main sections: the observed effects of faulting on dams as
a result of the 1906 and 1868 earthquakes in the San Francisco Bay area, a general
discussion of the character of active faults and their movement, and the application
of the 1930's state-of-the-art knowledge in this field to the design of Coyote Dam.

After investigating the effects of the 1906 rupture along the San Andreas
fault (principally a strike-slip fault movement) on four dams - the San Andreas
Dam, the Upper Crystal Springs Dam, the Lower Crystal Springs Dam, and the
Old San Andreas Dam - Louderback concluded that ". . . the conditions involved
were so special that very little critically important evidence was obtained ..." The
specifics of this event will not be discussed here as the facts will be fully described
in Section 2.3.2. At this time it is important to note that Louderback emphatically
concluded:

It may be stated definitely that up to the present no satisfactory

observational data have been obtained, along these California fault

lines of comparatively recent disturbance, on the behavior of dams

simultaneously affected by fault displacement across a critical section

and earthquake shock, and, as far as the writer is aware, no such data

have been obtained in any other locality.

Because of the risk to the safety of life and property, Louderback felt
compelled to cor;tinue,his search for the answer to his question, can a safe dam be

to be built over an active fault? Hence, for the majority of his paper, Louderback,



an eminent professor of geology, summarized the current understanding of fauit
movement in the hope that this general knowledge would assist the practicing
engineer in designing dams to be built over potentially active faults. He confined
his study to the major fault zones in the San Francisco Bay area - the San Andreas,
the HaWard, and the Calaveras faults. All of these faults display principally strike-
slip motion, so his discussion was applicable only to similar fault movements. The
characteristics of thrust and normal fault movements were not examined.

First, Louderback stressed the importance of determining whether existing
faults at the dam site were active or not. If a fault repeatedly offset overlying
deposits during Quaternany. time (e.g. a young alluvium), it must be characterized
as active and future movements would be inevitable., Although the fault zones
studied often displayed broad shear zones that could extend over a mile or more in
width, the greater part of any fault movement was limited to a single narrow zone.

Louderback continued by noting that fault displacements would probably
occur alongf existing fractures and would most likely occur along those most
recently disturbed. Yet, the possibility of movements along other "inactive"
fractures could not be ignored. The 1906 San Francisco fault movement provided
the principal evidence for Louderback's assertions. Drawing from this experience,
he recommended that dams be designed for a direct horizontal offset of 15 feet
along a single shear zone and a distributed horizontal displacement of 20 feet
across a wider shear zone. The magnitude of vertical displacements along these
strike-slip faults should be determined by investigating offsets in the dam site area.
Louderback proposed an allowance for a maximum vertical displacement of 10
feet (as a graben or wedge-block depression), although he felt S feet would
probably provide sufficient safety.

In addition to these movements along the fault plane, Louderback

expressed concern over movements normal to the faults. Buckling of fences and
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sagging of telephone lines across the San Andreas fault trace demonstrated that
" ... there was evidently a definite compression normal to the fault line." The
slight compressional effect observed would not likely cause an earth dam to fail,
(although it could shear or crush a rigid structure), but a tensional effect could lead
to disastrous results. Although evidence for such a tensional effect was meager,
Louderback felt that the possibility of an open fissure could not be excluded. In
fact, Louderback recommended that the design consider the possibility o‘f a
permanent opening not exceeding 12 to 18 inches in width in the dam. He
supported his concern for the development of a tensional effect across a strike-slip
fault with the eyewitness accounts of a fault fracture that reportedly gaped open
during the 1906 earthquake, swallowed a cow, and then closed again leaving only
the cow's tail visible above the surface. Furthermore, Louderback cited historic
records of fault fissures that remained open after movement on the Hayward fauit
in 1868, and geologic records which showed pebbles of an overlying formation in
the fault gouge in the Hayward fault shear zone. Louderback did not acknowledge
the possibility that these open fractures might be secondary ground movements
from liquefaction or gravitional landsliding. Finally, Louderback noted that the
spreading effect which created subsidence zones would be accounted for by the
vertical displacement criterion already described.

With respect to dam design, Louderback recommended constructing outlet
pipes and spillways parallel to developed zones of localized movement to preclude
the certainty of rupturing these systems if they were placed across active fault
traces. Nevertheless, cracking or rupturing of these water control systems should
be expected. He added "The impervious member of the dam should be so
designed that rupture and differential displacement will not jeopardize the
structure." The design of Coyote Dam, which will be discussed next, provided an

example of what Louderback believed to be an "acceptable” dam core design.



Furthermore, Louderback warned that the dam must be designed to withstand the
other hazards of earthquake events, such as earthquake shaking, landsliding, and
wave action. Moreover, faults, being lines of weakness, must not jeopardize the
static stability of the earth dam.

In the final section of his paper, Louderback described the reasoning used
by the State-appointed consulting board to oversee the design and construction of
the Coyote Dam over the combined general shear zones of the Hayward and
Calaveras faults. The maximum height cross-section of the Coyote Dam is shown

in Figure 2-1. The dam's principal features to guard against instability as a result

of base fault movement were:

1. The fault movement must not completely rupture the dam's impervious
element. "This precludes the use of a rigid type of dam, a concrete
water face, or a core wall of concrete or a narrow puddle." The use of
compacted earth materials was considered preferable.

2. The dam core should be wide enough to accommodate differential
movement. To protect against a 20 foot strike-slip offset, the core was
designed to be as wide as six times the vertical head at any height and
60 feet wide at the crest. Side slopes were 2H:1V. The impervious
member was protected on the upstream and downstream side by wide
rock and gravel fill zones with flat outside slopes.

3. A zone of gravel was placed directly against the core so that if a fissure
opened in the dam, the gravel would fall into the void, seal it and
prevent further erosion.

4. A liberal freeboard protected against differential wvertical

displacements.

13
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5. The spillway and outlet works were sited so as not to traverse the
primary shear zones.
6. The fault’s crush and gouge zones were excavated and backfilled to

ensure cut-off of groundwater flow.

Louderback, a member of this consulting board, believed adherence to
these principles provided Coyote Dam with the capability to safely withstand a
fault movement across it. Therefore, Louderback answered that yes, a safe dam
can be built across an active fault and he explained in detail the conditions which

must be fulfilled in this case to ensure the safety of Coyote Dam.

2.2.3 Sherard (1966 & 1967):

The State of California Department of Water Resources employed James
L. Sherard to develop recommendations for the design of an earth dam to
withstand the hazards of earthquakes. Sherard's 1966 final report as well as a
follow-up 1967 article in the ASCE Geotechnical Journal, summarized his findings
(Sherard, 1966; Sherard, 1967). Although his study concentrated primarily on the
effects of seismic shaking, Sherard recognized the hazards of fault movement in a
dam's foundation and he provided guidance for mitigation of the associated
potential hazards. Sherard felt that a safe dam could usually be built over a
potentially active fault. Large movements on a fault passing transversely through a
dam, however, presented special difficulties. In cases where a rupture across the
dam cross-section could form, he recommended that every effort should be made
to find an alternate dam site.

Sherard's primary concern was the development of concentrated leaks in the
dam. Like Louderback, Sherard expressed concern over the possibility of faults
gaping open momentarily during slippage. Sherard noted, however, that no

evidence supported this concern. In fact, he quoted Dr. Clarence Allen, an

15



16

experienced engineering geologist, who said, "Everything we know about faulting
indicates that it is a compressional phenomenon involving shearing, not tension."
Sherard felt that the stretching of a dam because of the orientation of a fault to the
axis of the dam was a more reasonable concern (See Figure 2.2). "A few feet of
displacement on a fault of this kind [one which stretches the longitudinal axis of
the dam] may create a more serious situation than a movement of 10 or 15 feet
which does not have an appreciable component acting to stretch the dam."

After summarizing his experience observing surface fault ruptures (through
soils, though not through dams or embankments), Sherard emphasized the
variability of fault rupture propagation. Usually most of the differential movement
was concentrated along a distinct shear plane. However, a number of cases
reinforced Sherard's concern for designing for a more complex pattern of
movement. Movement could be distributed over a wide gouge zone. Subsidiary
faults away from the main fault rupture may displace a significant amount. Rock
joints or cracks in rock might be pulled open an inch or two. Records of changes in
a region's groundwater flow pattern after an earthquake suggested that joints in the
foundation rock may open and close as a result of base rock movement, Hence,
the post-earthquake effectiveness of grout curtains must be questioned. Although
Sherard admitted that several of the experts who reviewed his report believed he
overemphasized these secondary crustal deformations, Sherard felt that a
conservative dam designer should anticipate these movements. Two of his expert
reviewers remarked that an isolated movement of a foot or two would not modify
the design of earth dams with which they were familiar.

Sherard's report also described the need for, and the conduct of, a geologic
evaluation of the region surrounding a potential dam site. If a fault was discovered
at the site, it was prudent to study the surface geology over an area within a radius

of 10 miles or more. Trenching, tunneling, inclined boring, and aerial photography
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were considered essential parts of the geological study. To assist the engineer in
preliminary design, Sherard recommended utilizing these design assumptions: (1)
rupture and increased permeability of the grout curtain if tension cracks or
opening of joints were expected, (2) 2 feet of movement in any direction on active
secondary faults (less than a mile long) and inactive major faults (10 miles lbng or
more), and (3) 2 minimum of 10 feet of movement in the direction geologic
evidence suggested for major faults not judged to be inactive. Furthermore,
Sherard advised, "Because the water pressure is an important factor in the majority
of these modes of failure; it seems reasonable to deduce that the risk of complete
failure may increase rapidly with the [dam’s] height, probably at least with the
square." Accordingly, he added, " . . . the degree of conservatism justified should
be considered to depend to a great extent on the dam height."

Of the techniques Sherard recommended utilizing to mitigate the hazards of
earthquake faulting, he continually emphasized four principal defensive design
measures. First, the inherent resistance to erosion of the foundation materials was
the most critical factor to consider in the design of the dam built over an active
fault. Erodible soil or weak rock should be avoided, excavated, or improved in
situ. Special attention should be devoted to determining the erosion resistance of
the fault gouge material. The zoning of the earth embankment was another
important concern. Any earth dam in an earthquake area should be expected to
develop concentrated leaks. Hence, all of these dams should have at least a
cohesionless chimney filter and drainage system along the downstream face of the
core which extended the full height of the dam. A homogeneous dam designed
with a downstream horizontal drain or toe drain was inadequate. A single, wide
transition or filter zone (wider than the anticipated fault offset) consisting of a .
well-graded mixture of sand and gravel was considered to be one of the best lines

of defense available. After fault offset, this zone would remain continuous and the



"self-healing" properties of the sand-gravel mixture would plug concentrated leaks.
To provide a secondary line of defense, the core material should possess some
inherent resistance to the damaging effects of concentrated leakage. Drawing
upon his pioneering work concerning the erosion resistance of earth materials,
Sherard considered "good" core materials to be either a well-graded mixture of
sand, gravel, and clayey fines where Dgg is coarser than 1 inch, or a highly plastic,
tough clay with a plasticity index greater than 20. Low plasticity clays (PI < 8), silts
of medium to high plasticity, and medium to fine uniform sands with cohesionless
fines were "poor" core materials. Finally, Sherard’s last important design
consideration was to reinforce the top of the earth dam section. Sherard found the
top of the dam to be most vulnerable because it was the thinnest part of the dam
and the place where the core was most likely to be damaged by cracks which could
remain open due to low confining stresses.

In his study, Sherard focused the engineer's attention on the need to
recognize and design against the hazards of earthquakes, including the specific
hazard of fault movement in the foundation of an earth dam. Because examples of
how full-scale earth dams responded to fault offsets in their foundation did not
exist, Sherard's study relied primarily on the engineering judgment he developed by
observing surface fault ruptures, testing the erosion resistance of earth materials,

and his considerable personal experience in designing earth dams.

2.2.4 Sherard, Cluff, and Allen (1974):

In 1974, Sherard‘joined with Cluff and Allen to publish a Jandmark study of
the effects of faulting on the design of earth dams (Sherard et al., 1974). In their
article "Potentially Active Faults in Dam Foundations", these authors presented the
most comprehensive examination of this subject to date. The paper reviewed cases

of fault movement near dams, described the special design details of existing dams
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built over potentially active faults, summarized the authors' observations of surface
fault breaks, provided guidance in the conduct of geological studies of fault activity,
and, finally, recommended critical features to incorporate in the future design of
earth dams to be built over potentially active faults,

Sherard, Cluff, and Allen héd considerable experience in the fields of earth
dam design, seismicity, and geology. It was their opinioﬁ that in some highly
seismic regions, such as California, the occurrence of faults in dam foundations was
the rule rather than the exception. In fault-controlled geology, rivers often
followed faults because faulting produced zones of weak, crushed rock. Hence,
Sherard et al. stressed the need to perform a comprehensive geologic investigation
of every dam site within an earthquake region to identify faults and to characterize
their level of activity. They suggested a two-phase investigation program. Initially,
the regional geology and seismicity over an area extending up to 100-200 miles
from the dam site should be studied. In the second phase, detailed geological
mapping should be conducted at all locations where faults might exist. The authors
emphasized the usefulness of aerial photography in both phases of the
investigation. Additionally, they stressed the importance of studying the character
of identified faults a considerable distance from the dam site. A fault which
showed no signs of recent movement at the dam site may have displayed conclusive
evidence of recent movement away from the site.

| Although a number of dams had been built over faults, the authors found no
instance where a fault in the foundation of a dam had displaced during an
earthquake. They did, however, review a number of cases described as "near
misses”. These case histories will be addressed in detail in Section 2.3. They are
the 1906 San Francisco earthquake, 1959 Hebgen earthquake, and the All-
American Canal offset in 1940. In addition to these cases, the authors reviewed

the failure of Baldwin Hills reservoir in 1963. Without the occurrence of a strong



earthquake, a fault in the Baldwin Hills Dam’s foundation moved a few inches,
breaking the compacted clay reservoir lining. A concentrated leak along the fault
eventually eroded the cohesionless fine sand and silt deposits corﬁprising the dam's
foundation. Once initiated, the piping phenomenon continued until the dam
failed. They noted that the Baldwin Hills reservoir failure illustrated the
importance of controlling the flow of water through an earth dam and of
preventing the movement of soil in areas where concentrated leaks may develop.
Without actual dam foundation faulting case histories, Sherard et al. relied
upon their experience observing the occurrence of surface fault ruptures during
strong earthquakes to predict how fault movements may disrupt a dam. Their
review of fault rupture behavior provided salient lessons to the dam designer.
Fault breaks usually occurred on existing fractures. Normally, sufficient prior
evidence existed to conclude that these faults were potentially active. Of the three
types of faulting: thrust, normal, and strike-slip, thrust faulting was believed to be
most dangerous to an earth dam. Strike-slip faults were considered to be the least
dangerous. Of course, as Sherard described in his earlier pépers, the orientation of
the fault to the axis of the dam was at least as important as the fault type.
Nevertheless, the authors found that the fault type determined the amount and
location of movement on secondary features. As shown in Figure 2-3, thrust faults
may distort the upthrown block but leave the downthrown block relatively
undisturbed, whereas normal faulting produced secondary fracturing primarily
above the downthrown block. Strong earthquakes may deform the ground surface
to distances of a few miles or tens of miles from the main fault. These secondary
crustal deformations were more frequent with thrust faults and less likely with
strike-slip faults. The engineer should anticipate at least small adjustments on
faults or fractures located in seismic areas. Moreover, since these small fractures

are difficult to identify, they should be assumed to exist in any region close to a
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major fault. Furthermore, sufficient evidence existed to conclude that filling a
reservoir may trigger strong earthquakes (“"reservoir-induced seismicity”). The
possibility of widespread ground movements precluded the use of concrete dams in
seismic regions, as only an inch or two of differential movement at a critical
location could be unacceptable, On the other hand, the authors believed that a
conservatively designed earth dam could be safely constructed over potentially
active faults.

Sherard et al. cited two reasons for their confidence in their ability to design
a safe dam to be built over a potentially active fault. First, history indicated that
the practical maximum fault offset was on the order of 20 to 25 feet. Furthermore,
the average displacement along a fault for this worst case was less than 50% of the
maximum displacement, or less than 10 feet. For the majority of cases where faults
moved, the magnitude of the displacement or offset along most of the fault was
much less than this. Since the critical zones of an earth dam could be made much
thicker than these expected offsets, they felt that dams could be safely designed to
withstand the hazards associated with earthquake faulting. Finally, theory and
experience demonstrated that leakage through a dam could be controlled by

proper zoning of the earth dam materials. The authors emphatically concluded,

There is no doubt concerning these conclusions . . . as long as the
flow entering the downstream rockfill zone is controlled (choked) by
the permeability of the finer transition material upstream, the
flowing water entering the [downstream] rockfill zone cannot cause
threat of instability. . . . even if a large open crack develops in the
impervious core the maximum leakage will be limited by the
permeability of the transition material to a volume which can be
controlled safely.

The cohesionless transition zone and the downstream rockfill zone
comprised the two main elements of a safe dam over an active fault. The authors

maintained that the properties of the impervious core material were much less



important. In fact, a "safe dam can be made using a core material of any type."
Figure 2-4 illustrates what Sherard et al, believed to be the two critical elements of
a "fundamentally safe" earth dam. The gradation of the crack-proof well-graded
sand-gravel mixture is also provided. These design recommendations were based
on the authors' assertions that cracks cannot exist in a cohesionless material and
that a well-graded material will eventually heal itself or plug any concentrated leak
through it.

The authors noted, however, that the quality of the foundation materials
and the width and freeboard of the dam crest could not be overlooked. Their
"fundamentally safe" dam had to be constructed on a stable foundation not
susceptible to erosion. Additionally, the earth zones at the crest must be wide
enough to permit the expected offset without becoming discontinuous. Finally,
sufficient freeboard must be available to allow for the development of cracks in the
top of the dam, where confining pressures are quite low, without permitting an
overtopping failure mode to initiate. Depending on the cohesiveness of the earth
materials, adequate freeboard was defined as within the range of 10 - 30 m.

In developing these design recommendations, Sherard et al. reviewed the
concepts employed in the design of a number of dams built over known active
faults. Of these dams, the authors felt that the Cedar Springs Dam shown in plan
and cross-section view in Figure 2-5 possessed all of the critical elements of a safe
dam built over an active fault. During construction of the dam foundation, several
faults were discovered and found to be potentially active. Because of this
discovery, the dam was redesigned to improve its ability to withstand the hazards
associated with earthquake faulting. The dam height and reservoir storage volume
were reduced to minimize risk. The axis of the dam was moved upstream so that
the entire core section was seated on the intact sound granite rock between faults.

Most importantly, the embankment dam cross-section was modified to produce a
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thoroughly zoned dam. Thick zones of well-graded, coarse sand-gravel transition
material and quarried hard rock exterior shell material both upstream and
downstream of the core replaced what was an ordinary zoned dam with a narrow
chimney drain. An especially tough, erosion-resistant clay replaced the original
locally available core material, a silty sand. The crest width was increased to 40 -
60 feet. The authors believed that the well-graded, sand-gravel Zone 3 was the
main line of defense for the reasons previously delineated. The Cedar Springs
Dam was felt to be the best existing example of a highly conservative earth dam

that could safely withstand the hazard of fault movement.

2.2.5 Swiger (1978):

In an ASCE specialty session on the design of structures for fault
displacement, a distinguished panel of engineers and geologists reported the
following opinions on if and how an earth embankment dam could be safely built
over an active fault (Swiger, 1978). The orientation of the fault relative to the axis
of the dam and the type of fault movement anticipated determined whether or not
a dam should be\ constructed over an active fault, A strike-slip fault at any
orientation could be designed for by enlarging the core and transition zones.
Moderate dip-slip motions on a fault parallel to the dam's axis could also be
accommodated. On the other hand, even small dip-slip motions which crossed the
dam from upstream to downstream would be difficult to design for and it was
extremely doubtful if larger dip-slip motions with this orientation could be
accommodated. The expert panel believed that the defensive design measures
incorporated in the design of Cedar Springs Dam included the critical elements of
a safe dam design. The consensus of opinion was that it was not practical to design

gravity dams on sites where even as little as an inch or so of movement was



expected, and that an arch dam could not be safely designed for a site where any

significant movement was expected.

2.2.6 Cheney, Shen, and Ghorayek (1984):

Cheney et al. (1984) presented the findings of a preliminary centrifuge
model study which investigated the performance of a hypothetical 18 foot high
prototype homogeneous earth embankment dam ruptured by a strike-slip fault
perpendicular to the axis of the dam. A series of eight tests were conducted on two
different dam cross sections built of compacted Yolo loam, a silty sandy clay of
moderate plasticity, which was compacted to we= 17% andyg= 110 lb/ft3. Dams
of Group A, with a crest length to base width ratio (L/B) of 0.8, and a model
height of 3.6 inches were tested at 60 g's. Group B dams, with L/B = 1.0 and a
height of 2.7 inches, were tested at 80 g's. Water was not impounded behind the
dam cross sections during these model tests.

The trends established by the results of these tests were informative. A
linear relationship between the magnitude of uni-directional base offset and the
magnitude of resulting crest offset seemed to exist for the models tested.
Furthermore, a given amount of base displacement (or "offset") was required
before the shear fracture reached the surface of the dam. Moreover, crack
openings in the embankment were larger near the base than at the crest of the
dam. Surprisingly, the failure modes from the two test groups were dramatically
different. The crack propagated through the Group A dams at a 45° angle to a
horizontal plane through the base of the dam. On the other hand, the crack
propagated through Group B dams with an essentially vertical orientation. The
authors hypothesized that the 45° angle crack pattern indicated diagonal tension
cracking, whereas the vertical or 90° angle crack pattern indicated transverse shear

cracking. It was judged that further testing would be required to determine if the
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different crack patterns for Group A and B models were a result of varying the
L/B ratios, different initial stresses, dissimiliar soil properties at the two

acceleration levels, or another unknown variable.

2277 Sohn (1987):

In his dissertation, Sohn (1987) presented the results from a series of 6
centrifuge tests on earth dam models 3.4 inches in height ruptured by a strike-slip
fault orthogonally bisecting the dam, as well as the results of 3-D finite element
analyses of the corresponding 17 foot high prototype embankment dam. Unlike
the earlier work by Cheney et al. (1984), Sohn impounded water behind the model
dam to observe if water passed through the dam cross section after base
movement. The model embankment was again constructed of compacted Yolo
loam. The crest length to base width ratio of all the dam models was

approximately 0.8:1. Tests were conducted at accelerations of 60 g's, 80 g's and 100

'

g's.

The centrifuge model tests produced two types of crack patterns. At the
base of the embankment, a direct shear mechanism produced a nearly vertical
crack which traversed the full width of the dam cross-section. A diagonal tension
crack pattern oriented 45° to the strike of the basement fault developed later at
the surface of the embankment. For the amount of offset created (which was up to
30% of the height of the dam), the base and surface crack patterns did not
intersect. Because the surface tension cracks were not continuous, no conduit for
water was produced. The base "direct shear" cracks, however, were continuous
along the base of the dam, but the plastic nature of the silty clay and the higher
confining stress within the embankment combined to seal off any open leakage
channel. No water escaped through the dam cross-section in any of the 6 tests

conducted.



The incremental finite element analysis utilized a bounding surface time-
independent plasticity constitutive law to model nonlinear soil behavior. The 3-D,
600-node finite element analysis showed that the shear failure initiated at the base
of the dam at the location of the fault and propagated up to the surface as base
deformation increased. As in the centrifuge model, tension zones developed at the
surface at an orientation of about 45° to the strike of the fault and disappeared
within the embankment. The two crack patterns developed independently and did
not intersect until a large amount of base deformation took place. The analysis
was not judged to be fully reliable on a local scale once the failure condition (shear

or tensile) was reached.

2.2.8 Leps (1989):

In his work, "The Influence Of Possible Fault Offsets on Dam Design,"
Leps (1989) outlines the current guidance on the design of dams to be constructed
over potentially active faults. After briefly reviewing previous studies of this
subject, Leps describes the key philosophical features of a prudent defensive design
of an earth dam which crosses a potentially active fault by examining the defensive
measures actually employed in the design of nine existing or proposed dams. Leps
suggests that the prime objective of these defensive measures should be to ensure
that leakage through the dam is controlled and that the progressive erosion of dam
materials does not occur.

His review of dams designed to withstand fault offset highlighted some
important points. The branch of the Calaveras fault which passes through the
Coyote Dam described previously in Section 2.2.2 has probably displaced a few
inches in 40 years, without undermining the stability of the dam. The primary
defensive measures employed in the design of Palmdale Dam (See Figure 2-6),

Cedar Springs Dam (See Figure 2-5), and the proposed earth core/rockfill Auburn
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Dam were thick gravelly sand transition zones and large rockfill drain zones, both
situated downstream from the impervious cores of the dams. These measures were
intended to control the quantity of water that could reasonably flow through a core
cracked by a fault offset in the foundation.

The "filtered chimney drain backed up at foundation level by a special
cobble zone leakage collector and outfall finger drains" in the design of the Los
Angeles Dam intrigued Leps. The details of the special drainage system installed

in the Los Angeles Dam are illustrated in Figure 2-7. Leps pointed out,

Note that the cobble zone backup for the conventional, thick,
chimney drain is considered to be the most important defensive
design detail for this particular dam, aimed at providing safe control
of leakage which could begin at a severe, local, transverse, vertical,
fault offset, by backing up the sheared chimney drain with a self-
adjusting, non-destructible [drainage] zone. . .. The broad-based and
amply sized cobble drain is visualized as being so cohesionless as to
be able to adjust completely [to a foundation fault offset] and thus
plug off any possible gap at the base of the chimney drain.

In fact, a "self-healing aseismic plug" composed of successive zones of material
ranging from cobble size to sand-gravel size particles appearing very similar in
concept to the detail shown in Figure 2-7 was utilized as a downstream buttress to
improve the safety of the existing concrete gravity dam at Lake Henshaw. A
branch of a potentially active fault was discovered crossing this dam site and this
repair was deemed necessary. Finally, as previous authors noted, defensive design

details should include ample crest width and adequate foundation treatment.

2.2.9 The Potential Error of Pure Reasoning and Other Lessons to be Learned:
A primary finding from the review of these studies is that, to date, no full-
scale earth dam/foundation fault rupture case history exists to guide engineers in

the design of embankment dams built over active faults. This finding will be
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explored in further detail in the next section. Without direct evidence in this area,
the authors of the studies discussed thus far have had to rely primarily on applying
reasoning based on their experience designing earth dams and on observations of
surface fault ruptures not passing through dams. Pure reasoning, however, does
not always lead to valid conclusions.

Just § years after publication of the Sherard et al. (1974) landmark study
"Potentially Active Faults in Dam Foundations,” Sherard reported the findings
from his investigation of the development of éinkholes in dams composed of
coarse, broadly graded soils (Sherard, 1979). After noting that a number of
sinkholes developed in dams built only with these soils, Sherard concluded that the
broadly graded coarse soils were internally unstable with regard to erosion because
the fine fraction of the soil mixture was not compatible with the coarse particles; in
fact, they do not satisfy the widely used filter criteria: (d15) coarser material /
(dgs) finer material < 5. Figure 2-8 illustrates this point. The solid line represents
the gradation curve of a soil which falls within the ranges of gradation of the well-
graded, coarse sand-gravel mixture originally recommended by Sherard et al.
(1974) as being especially suitable for use as a transition or core zone in an earth
dam designed to withstand a fault offset. Such soils were believed to be "self-
healing". Yet, if this soil mixture is equally divided into coarse and fine fractions
(e.g. the dotted lines in Figure 2-8), it is apparent that the coarse fraction cannot
even prevent movement of the soil's fine fraction. Sherard (1979) now described
this type of soil mixture as coarser particles floating in a matrix of fines. In fact, if
these two fractions of this mixture were placed side by side in a dam one would
expect the finer particles to migrate through the coarser fraction zone.
Furthermore, it has long been standard practice to avoid constructing the critical
filter sections of an earth dam with well-graded materials since segregation of fine

and coarse fractions during construction may produce an ineffective filter. Seed
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(1987) recommended using uniformly graded filter materials with C; = dgg/d1g=
4, and Sherard (1979) admits that filter material gradations should not usually
possess values of C;; > 20, although he believes a criteria based on the dgg size of
the soil would serve as a better indication of possible segregation problems.

Nevertheless, the well-graded soil originally proposed by Sherard to be an
excellent core or transition material possessed a C; value of on the order of 100 to
1000. Hence, segregation of this soil during construction would be probable,
thereby reducing its effectiveness. In conclusion, clear evidence of soil particle
migration in dams built of well-graded, coarse soil mixtures and the possibility of
soil particle segregation during construction outweigh any prior arguments which
reasoned that these soils would make excellent core or transition zones in earth
dams built over active faults because of their inherent "self—héaling” properties.
Such soils may actually "self-destruct” if not surrounded by soils with properties
which could prevent soil migration from these zones. This serves to point out the
dangers associated with potential errors derived from the use of "pure reasoning”
as a means of extrapolating previous experience for application to new conditions
not directly reflective of that previous experience.

These studies also produced a number of important lessons for the design of
dams built over potentially active faults, To date, all of the earth embankment
dams built across known potentially active fault valleys possess thick core sections
composed of tough, plastic clay materials. The boards of consultants for these
projects thus appear to have reached the consensus opinion that the character of
the impervious core was indeed important and that a tough, plastic clay core
material improves the ability of an earth dam to withstand the hazards associated
with potential fault rupture. The need for conservatism was repeatedly stressed.
Sites with potentially active faults, especially when a dangerous combination of

fault type and orientation existed, should be avoided. If a dam was necessary at a



faulted site, multiple lines of defense should be employed. It is not prudent to rely
upon only one key defensive design measure. Instead, freeboard should be
increased, reservoir height minimized, and crest width enlarged. The foundation
material must be stable if subjected to the full water pressure of the reservoir.
Outlet works and the spillway should be sited to minimize potential damage.

Thick upstream crackstopper zones and thick downstream transition and
drainage zones are essential. In particular, the use of a rockfill zone at the
downstream face of the earth dam minimizes the likelihood of a piping failure.
Concentrated leaks must be expected and safely controlled. Finally, conservatism
requires that rigid dams should not be constructed over active faults.

In reviewing the surface fault rupture phenomenon, the authors cited thus
far have emphasized the need for a comprehensive geologic investigation at and
away from the dam site. The designer should anticipate at least small differential
movement on secondary fault features and existing planes of weakness in the
bedrock. Contrary to what Louderback suggests, there is no reliable evidence of
strike-slilp faults gaping open during slippage. Further study is necessary, however,
before Louderback's concern on this issue can be dispelled. It seems reasonable
that tension gapes are soil surface manifestations that may not exist at depth, but
this too remains unproven. Finally, the lessons to be learned from previous
physical models (centrifuge) and one numerical analysis (finite element) of fault
rupture through earth dams are somewhat unclear. These studies did, however,
highlight one major shortcoming in our current knowledge of earth dam
performance: the need to study what conditions are necessary for water in the
reservoir to initiate traveling through the dam along shear zones or fractures that

develop as a result of a fault offset in the dam's foundation.
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2.3 Full-Scale Earth Dam Case Histories
2.3.1 General:

Case histories usually provide the most reliable source of information with
regard to how physical events occur, and the use of case histories as a basis for the
develoment of both insights and engineering judgment has long been a cornerstone
of geotechnical practice. Furthermore, there is no guarantee that physical or
numerical models adequately represent the prototype case to be studied in all
important aspects, or if known deviations can be properly accounted for.
Therefore, any effort to determine how earth dams respond to movement on faults
in their foundation should ideally begin with a review of full-scale earfh dam/fault
rupture case histories.

A review of literature revealed only four full-scale earth dam/fault rupture
case histories. In this section, these case histories will be examined. As previous
authors have already noted, however, these case histories do not provide much
useful information. Nonetheless, since they present the only source of field
experience in this area, review of these full-scale case histories is warrantéd. It is
important to clearly identify what can or cannot be learned from these case
histories. At times, these case studies have been used to justify the claim that earth
dams designed by current procedures will inherently possess the ability to safely
adjust to foundation fault offsets. While the importance of lessons which can be
learned from case histories cannot be overemphasized, the potential dangers
associated with unwarranted extrapolation of lessons not justified by the field

experience must also be guarded against.

2.3.2 Dams Ruptured by the 1906 San Francisco Earthquake:
Six earth embankments were ruptured during the 1906 San Francisco

earthquake (Lawson et al.,, 1908; Ambraseys, 1960). As noted by Louderback



(1937) and Sherard et al. (1974), these cases did not contain much detailed
information to help the engineer design an earth dam to safely withstand a
foundation fault offset.

The San Andreas Dam, located approximately 15 miles south of San
Francisco, and shown in both plan view and cross section in Figure 2-9, was not
actually offset by the active trace of the San Andreas fault. The fault passed
through a rock knoll which served as a central abutment for the larger rolled earth
saddle dam to the west of the fault and the small rolled earth saddle dam to the
east. Whereas the fault produced a clean break of roughly 7 feet distributed over a
width of only 50 feet in the destroyed brick waste weir tunnel 125 yards
downstream of the San Andreas Dam, the 7 foot right-lateral strike-slip offset in
the rocky central abutment was distributed over a 200 foot wide distorted zone
(See Figure 2-9). About 550 yards south of the dam, the fault produced a 10 foot
offset in a fence. Hence, in the proximity of the San Andreas Dam, the strike-slip
fault offset within a relatively narrow zone was on the order of 7 to 10 feet. But the
faulting did not cut through the earth sections of the dam, so little could be learned
from this field case. This case did, however, illustrate the importance of not siting
water outlet works or spillways across active traces of faults. Additionally, this case
demonstrated the potential complexity of the fault rupture phenomenon. Within a
short distance, the character of the expression of the surface fault rupture varied
considerably.

The Upper Crystal Springs Dam shown in Figure 2-10, located
approximately 6 miles south of the San Andreas Dam, was not functioning as a
dam when the 1906 San Andreas fault offset occurred. Instead, the earth
embankment was serving as a causeway across the Crystal Springs reservoir. The
Upper Dam was submerged within the reservoir ¢reated by the construction of the

Lower Crystal Springs Dam downstream. The road and fence along what had been
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the crest of the earth dam were offset approximately 8 feet by the fault. The
distorted zone was about 40 feet wide. The fault was nearly perpendicular to the
axis of the embankment, and passed within 20 feet of the east abutment on the
embankment's north side and within 60 feet of the east abutment on the south side.
At this location, the crest of the constructed earth embankment was only about 20
feet above its rock foundation.

Transverse and longitudinal cracks were observed in the top of the
embankment. Settlement of the saturated earth fill may have produced the
longitudinal cracks which were about 6 inches wide and up to 4 feet deep. The
transverse cracks appeared in the distorted zone produced by the fault offset, but
they were less well defined. Ambraseys (1960) indicated that an inspector of the
dam believed these transverse cracks parallel to the fault trace were shear cracks.
Because of the special nature of this case history, it was impossible to predict how
this embankment would have performed if it had been functioning as a dam and
not a causeway. Moreover, since the earth section traversed by the fault was
shallow, it was difficult to say how a larger earth embankment section would have
responded to a similar strike-slip fault offset.

The Old San Andreas Dam was a small abandoned earth dam submerged
beneath the Crystal Springs reservoir when the 1906 San Francisco earthquake
produced a 7 foot offset in the crest of the embankment. Little was known of this
dam. In fact, it was not rediscovered until 1931 when the Crystal Springs reservoir
was lowered to inspect the Lower Crystal Springs gravity dam. Like the Upper
Crystal Springs Dam, the offset of the Old San Andreas Dam offered no direct
evidence of the performance of an operational earth dam during a fault offset.
Once again, like the earlfer Upper Crystal Springs Dam case history, this case
history indicated that the zone of disturbance for a shallow earth embankment

aligned normal to a strike-slip fault offset was relatively narrow.



Three other earth dams located approximately 25 miles southeast of the
Upper Crystal Springs Dam were offset or nearly offset by the San Andreas fault
during the 1906 San Francisco earthquake. Little was known of the construction of
these earth structures. Again, because of the special circumstances of these events,
little useful information was gained. The Lake Ranch Dam's main section was not
offset by the San Andreas fault. Instead, the fault intersected a small 3 foot high
subsidiary dike. The reservoir water was said to have run over the dike at the
location of the fault offset. The eastern end of the Upper Howell Dam was offset
by the strike-slip movement of the San Andreas fault, but this case is relatively
poorly documented. Cracks which extended through the full depth of the dam
were found at the point where the fault trace intersected the dam axis. The dam
did not fail. The Lower Howell dam, however, did fail. A 10 inch diameter outlet
pipe which crossed the fault ruptured, and the earth embankment materials began
to erode at this location. A breach 4 to 6 feet wide allowed water to escape
downstream. Surprisingly, the fault produced "very little" displacement at this
point. Ambraseys (1960) stated, "Whether the dam itself would have been
seriously damaged by the earthquake if this pipe had not broken could not be
determined.” This case history did demonstrate that it is not prudent to locate
outlet pipes across potentially active fault traces, especially when the pipe is buried
within the earth embankment itself.

The review of the performance of the earth dams ruptured by the San
Andreas fault during the 1906 San Francisco earthquake failed to uncover a well-
documented example of the performance of an earth dam built subjected to a
foundation fault offset. If the fault trace crossed the earth embankments at all, it
did so at locations near abutments where the dam cross-section was small.
Furthermore, two of the earth embankments reviewed were not functioning as

dams during the fault offset. One clear lesson from these case histories was the
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importance of properly locating water outlet works. Otherwise, as Louderback
concluded, little practical information can be learned from these full-scale earth

dam/fault rupture case histories.

2.3.3 The All-American Canal Embankment (1940):

A break of over 40 miles on the Imperial Fault displaced the All-American
Canal 15 feet during the 1940 El Centro earthquake (Mp, = 6.7). The All-
American Canal was still under construction and hence, was not carrying water at
the time of the fault offset. The two sides of the canal were relatively small
homogeneous earth embankments, so this case history would have been of limited
interest even if the canal was not dry. As shown in Figure 2-11, the fractured zone
produced in the canal's earth embankments by the 15 foot offset on this right-
lateral strike-slip fault was fairly narrow.

Upon closer examination of the fractured zone as it crossed the left bank of
the canal, as shown in Figure 2-12, it was apparent that the fault offset produced
multiple shear cracks through the earth embankment.  Movement was
concentrated, however, on two of these shear cracks, with the majority of
movement occurring on the shear crack farthest from the photographer. The
observed cracks were vertical or nearly vertical, and were roughly perpendicular to
the axes of the canal embankments (and parallel to the base fault orientation). To
the north and south of the All-American Canal the fault trace could be seen as a
well-defined single surface rupture. Richter (1958) suggested that it was possible
that the All-American Canal itself helped to produce the widening of the surface
expression of the fault rupture which occurred ﬁt its location. It was difficult to
prove if this hypothesis was true or not, but it seems difficult to image that an earth
structure of on the order of only 20 feet high would significantly affect the surface

rupture pattern of a fault which cuts through an alluvial valley which is on the



Figure 2-11: ALL-AMERICAN CANAL OFFSET DURING THE 1940 EL
CENTRO EARTHQUAKE (after Sherard et al., 1974)
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Figure 2-12: CLOSE-UP OF THE FRACTURE ZONE ACROSS THE LEFT
ALL-AMERICAN CANAL EMBANKMENT
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DEFORMATIONS NEAR HEBGEN DAM AFTER THE 1959
EARTHQUAKE (after Sherard et al., 1974)



order of 400 to 700 feet deep at this location. In conclusion, the fracturing of the
All-American Canal produced some interesting questions regarding changes in the
expression of earthquake generated surface ruptures, but little of this information
can be directly applied toward improving our understanding of how earth dams

respond to offsets in foundation faults.

234 Hebgen Dam (1959):

The 1959 Hebgen Lake earthquake (M. = 7.1) produced large surface
ruptures and crustal deformations in the vicinity of Hebgen Dam. The nearest
differential fault offset, however, was located about 900 feet from the eastern
abutment of the Hebgen Dam embankment. As illustrated in Figure 2-13, the
bedrock below the entire length of the dam subsided more or less uniformly about
10 feet. The bedrock below the reservoir subsided at least this amount so the top
of the crest of the dam remained above the top of the water impounded behind it.
Some water escaped over the crest of Hebgen Dam, however, due to earthquake
wave action (seiches).

Hebgen Dam was a 90 foot high earthfill and rockfill dam wifh a central
concrete core wall which extended through the full height of the dam. The
concrete core wall, which varied from 3 to 16 feet in thickness from top to bottom,
separated an upstream low permeability earth fill section and a downstream
section composed of a loose rock fill drainage layer below a rock and earth fill
layer. Ground vibrations were the principal cause of damage to the Hebgen Dam
embankment, producing up to 5.4 feet of vertical settlement in the earth fill
sections. Re-alignment of the abutments and other minor effects from bedrock
movements, however, may have also contributed to the damage. For example, the
concrete core wall of the dam was cracked in 16 places and bowed into a gentle "S"

curve. Although the core wall cracked and leaked in a number of areas, Hebgen
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Dam remained stable, indicating that dams can withstand the sudden onset of
increased (and localized) internal seepage. The spillway was damaged too, as it
had been sited over loose saturated materials brought into the valley area by an old
landslide.

Since significant differential movement did not take place across the dam's
foundation, it was not known how this earth dam would have responded to a fault
offset in its foundation. It was surprising that this relatively brittle dam with its
massive concrete core wall suffered only minor damage from the large sudden drop
of its rock foundation. Yet, this emphasized the widely accepted fact that
differential settlement, not uniform settlement, was the primary concern in the
performance of earth structures. It was also clear, however, that uniform bedrock
movements which reduced or eliminated the effective freeboard of the dam must
be guarded against. Finally, this case study also served to reconfirm the fact that
unsatisfactory foundation materials should be removed or improved in situ.
Therefore, Hebgen Dam provided some useful engineering lessons, but not with

respect to designing for a distinct fault offset in the foundation of an earth dam,

2.3.5 Baldwin Hills Dam Failure (1963):

The failure of the Baldwin Hills Dam has been investigated by several
highly respected geotechnical engineers and geologists and the exact cause and
sequence of the failure are still not known with certainty. Findings from this case
history remain controversial. A number of sides to this controversy and an
informative discussion between panel members are presented in the proceedings
from a recent international workshop on dam failures held at Purdue University in

1985 (Leonards, 1987). Wilson summarizes the controversy in writing,



There appears to be general agreement that vertical offsetting along

a fault which crossed the floor of the reservoir was responsible for

rupturing the drainage system and permitting the water to enter the

foundation soils. There is not general agreement, however, on
whether or not there were fault movements immediately prior to
failure, which in turn ruptured the clay lining, or whether the clay

lining was ruptured first and the resulting introduction of full

reservoir pressure into the fault plane was responsible for additional

offsetting.
No attempt to resolve this controversy will be made here. Still, the review of the
failure of the Baldwin Hills Dam, notwithstanding the uncertainties involved,
-provides some important lessons.

It was widely accepted that an earthquake event did not displace the faults
in the foundation of the Baldwin Hills Dam. Whether differential movement
across the fault was produced by fault creep, areal subsidence, compression of
foundation soils, or another mechanism, the fact remained that differential
movement under a brittle reservoir lining and drainage system allowed water to
escape into the weak, erodible foundation material. The reservoir lining system
was composed of a 3-inch-thick asphaltic pavement over a 10 foot compacted clay
earth liner. The seepage collection system under the reservoir lining system was a
4-inch-thick lightly cemented pea-gravel drain layer with 4-inch clay tile drain pipes
underneath. Before installation of the seepage collection system, the existing
compacted in-place foundation materials were sealed with a quarter inch thick
asphaltic membrane. Once a leak along the fault developed, the stage was set for
the progressive erosion of the foundation materials and the ensuing piping failure
of Baldwin Hills Dam.

Two relevant lessons are provided by this case history. If a potentially
active fault is located at the dam site, it should be expected to eventually move. If
the foundation soils are easily erodible, they must either be improved in situ or

removed. It is not prudent to rely solely on a reservoir lining and seepage

collection system, even if designed to be flexible, to prevent water from entering a
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weak foundation. Casagrande's multiple lines of defense concept suggests that,
once a reservoir lining and seepage collection system has been designed not to
crack, the engineer must then assume it will ¢rack and incorporate adequate
features into his design to safely handle this situation. Moreover, a brittle reservoir
lining and seepage collection system with a clay layer which permits arching of the
.soi] above erosion tunnels should not be used in areas subjected to possible
differential movement. This system proved to be inadequate under the special
circumstances of the Baldwin Hills Dam failure, and hence, should not be
employed in future earth dams where significant differential movement is

expected.

2.3.6 Lessons to be Learned from Full-Scale Earth Dam Case Histories

Dams ruptured by the 1906 San Francisco earthquake, the All-American
Canal, Hebgen Dam, and the Baldwin Hills Dam failure comprise all of the known
instances where earth embankments were offset or nearly offset by distinct fault
movements. A review of these case histories shows, however, that none of these
full-scale earth dam/fault rupture case histories provides conclusive evidence of
how a substantial earth dam would respond to a fault offset in its foundation.
Specific lessons can be inferred from the facts of these case histories, so review of
them is justified. The most important lesson to be learned from this review,
however, is that no well-documented case histories directly addressing the issue of
dam performance when subjected to foundation fault offset exist. The successful
performance of earth embankments during the 1906 San Francisco earthquake and
Hebgen Dam during the 1959 Hebgen earthquake does not imply that these dams
could have survived a fault offset directly through their foundation. On the other
hand, the unsatisfactory performance of the Baldwin Hills Dam and Reservoir

does suggest that a similar design should not be employed over a potentially active



fault. Finally, it may again be concluded that multiple lines of defense should be
built into any dam constructed over a potentially active fault.

For shallow earth embankments, the surface ruptures produced by strike-
slip fault offsets normal to the axis of the embankment appeared to be fairly
narrow. These cases, however, also illustrated the variability of the surface
expressions of a bedrock fault rupture. These case studies suggest that parallel
shear fractures alongside main breaks through the earth structure should be
expected, but evidence from centrifuge testing of model embankments suggests
that other shear and cracking patterns are also possible. Uniform bedrock
movements are less critical than differential bedrock displacements. Sufficient
freeboard must be provided in cases where the bedrock under the reservoir might
increase in elevation relative to the earth dam structure. Erodible foundation
materials should be improved in situ or removéd, as a designer cannot permanently
guarantee that water will not eventually enter the foundation. Finally, the spillway
and outlet works should not be located across potentially active fault traces or on
unstable ground.

In conclusion, no well-documented case histories exists where an
operational earth dam was significantly offset by an earthquake-generated fault
offset. These "near miss" case histories merely serve to once again highlight some

of the potential problems in designing an earth dam over a potentially active fault.

2.4 Summary and Findings

In Chapter Two, seven previous studies of fault rupture through earth dams
were reviewed. In addition, four case histories which comprise all of the known
instances where earth embankments were offset or nearly offset by distinct fault

movements were described and evaluated. These studies and case histories of fault
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rupture propagation through earth dams brought forth a number of salient
observations.

Casagrande's concept of multiple lines of defense should be employed
in the design of all dams built over potentially active faults. Experts agreed that
particular attention must be devoted to controlling the hazards of concentrated
leaks through the dam and its foundation. The stability of the foundation must be
guaranteed. A thick, ductile core protected upstream by thick ‘crackstopper’ zones
and downstream by thick filter and transition zones were considered desirable.
These zones must be backed up by a drainage system that extends the full height
and length of the dam. All zones must be wider than the maximum anticipated
potential fault offset. The crest width and the freeboard of the dam should be
maximized, whereas the required reservoir capacity should be minimized. Of
course, if possible, a dam site traversed by potentially active faults should be
avoided. Spillways and outlet control works should not traverse potentially active
fault traces. Finally, the experts concluded that rigid dam structures such as
concrete gravity dams should not>be constructed over potentially active faults.

Pure reasoning was shown to have limitations. In 1974, Sherard reasoned
that a broadly graded gravel-sand mixture was the best material to use in the core
of an earth dam built over a potentially active fault because of the material's "self-
healing" tendency. Just five years later, when investigating the development of
sinkholes in earth dams constructed of broadly graded soils, Sherard concluded
that these materials were prone to soil migration even without base differential
movement, and hence, broadly graded soils were potentially unstable with regard
to internal erosion.

A proper geologic investigation must be conducted in the early planning
stages of any dam sited in a seismic region. The study should include a geologic

survey of a large area surrounding the dam site and a detailed study of fault traces



and secondary fractures which cross the dam site. Some amount of movement on
these fault traces and secondary fractures should be anticipated.

On the other hand, the review of previous studies and case histories of fault
rupture through earth dams identified critical shortcomings in our current level of
understanding of this phenomenon. Most importantly, no well-documented case
history exists which describes how earth dams respond to base rock fault
displacements. A review of the available case histories shows that none of these
full-scale earth dam/fault rupture case histories provides conclusive evidence of
how a substantial earth dam would respond to a fault offset in its foundation.
Furthermore, results from model tests of earth dams of substantial height offset by
fault movements are not available. To date only homogeneous prototype earth
embankments less than 20 feet high have been modeled in the laboratory, and the
results from these model tests have been inconclusive. Moreover, no reliable
analyses have been performed to study the effects of tectonic movements on
stresses and deformations in earth dams. Finally, the hydraulic conductivity along
newly formed shear fractures in earth materials is not known.

Given the shortcomings in our current state of knowledge regarding the
effects of tectonic movements on stresses and deformations in earth dams, the
literature review was extended to investigate the fault rupture propagation
phenomenon in general. Specifically, surface fault rupture field studies and
physical and numerical model studies which provide insight into how fault ruptures

propagate through soils will be examined in the next chapter.
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CHAPTER THREE:
REVIEW AND EVALUATION OF PREVIOUS STUDIES
OF EARTHQUAKE FAULT RUPTURE PROPAGATION

3.1  Introduction

The literature review was extended to investigate available earthquake
surface rupture case histories to improve our current level of understanding of how
fault ruptures propagate through soil. Knowledge of how fault ruptures propagate
through soil would provide valuable insight into the likely effects of tectonic
movements on stresses and deformations in earth dams built across potentially
active faults. Since full-scale field case histories usually provide the most reliable
source of information on how physical events occur, earthquake surface rupture
field studies available in geologic reports and publications are reviewed and
evaluated first in Section 3.2, and lessons to be learned from field studies regarding
fault rupture propagation are noted. Then, in Section 3.3, studies involving
laboratory model testing and numerical analyses of fault rupture propagation are
examined in order to gain further insight and to isolate critical parameters for a
more in depth study of their influence on how a soil responds to a base rock fault
displacement. Finally, the results of this review and evaluation of previous field
studies and physical and numerical model studies of the fault rupture propagation

phenomenon are summarized in Section 3.4.

3.2  Earthquake Fault Rupture Propagation Field Studies

3.2.1 Earthquakes and Fault Rupture Propagation:
Without well-documented case histories which describe how earth dams
respond to bedrock fault displacements, it is necessary to investigate geologic

studies of surface fault ruptures to gain insight into how soils respond to fault



movements. Considerable effort has been devoted to the study of the surface
expression of fault ruptures. Unfortunately, however, much of this work has
concentrated on areas where the depth of overburden was minimal. Although it is
necessary to find a location where younger depaosits exist so that the recency of
fault activity can be assessed, it is not economical to trench where the depth of
overburden is excessive. To this writer's knowledge, no one has deliberately dug a
trench of substantial depth (i.e. greater than 50 feet) with the goal of learning how
bedrock fault ruptures propagate through deep deposits of soil. Still, the review of
surface fault rupture case studies m'ay improve our understanding of the fault
rupture propagation phenomenon, and hence, may provide the dam engineer with
some understanding at least of the general patterns of behavior of soils overlying
bedrock faults which displace. Such studies may also provide some basis for
evaluation of the efficacy and reliability with which various numerical analysis
techniques model key aspects of fault rupture propagation through soils.

Bonilla (1970) presents a good, comprehensive review of the surface
faulting phenomenon. He describes the primary features of most known cases of
surface faulting in the United States prior to 1970. A review of his work, as well as
general discussions by other experienced seismic geologists, brought forth a
number of salient points (Richter, 1958; Bonilia, 1970; Cluff et al., 1970;
Oakeshott, 1973; Sherard et al, 1974; Taylor and Cluff, 1977; Bonilla, 1988(a);
Bonilla, 1988(b); Bonilla 1988(c); Cluff, 1988; Wells et al., work in progress).
There have been more than 100 documented cases of earthquake surface faulting
observed during the last 150 years. Although our understanding of these
earthquake events is not complete because of the complexities of the geclogic
materials and processes involved, important lessons have been learned that can be

incorporated into the design of earth dams to be built over potentially active faults.
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There are three principal types of faults: thrust, normal, and strike-slip.
They are illustrated in Figure 3-1. In reality, earthquake events possess a
combination of vertical and horizontal components of movement, and the total
displacement is called the oblique-slip. One of these three "types" of faulting,
however, usually dominates, and hence, fault offsets are characterized as
principally thrust, normal, or strike-slip. The type of fault offset can have a
significant impact on the nature of fault rupture propagation through overlying
soils.

Researchers have also found that, along with the type of fault movement,
the character of surface faulting was influenced by the attitude or inclination of the
fault plane, the amount of displacement on the fault, the depth of the earth
material overlying the bedrock fault rupture, and the surficial geology or nature
and geometry of the overlying earth materials (Cluff et al., 1970; Taylor and Cluff,
1977 Bonilla, 1988(a)). For example, a large magnitude earthquake event which
produces a large offset on a deeply buried and shallowly dipping fault plane might
not create a surface fault rupture, whereas a lower magnitude earthquake event
producing a smalier offset on a deeply dipping, shallow fault plane may create a
surface fault rupture. As Sherard et al. (1974) noticed, the orientation of the
bedrock fault often determines to a large extent how a fault movement affects an
earth structure situated above it. These geologists also found that, in general, the
character of the surficial geology, whether intact or fractured rock or stiff or plastic
soil, also helped to determine the orientation and magnitude of the surface fault
rupture. These characteristics, and the factors which influence them, will be the
primary focus of this review of surface fault rupture case histories.

Recent work by Wells et al. (work in progress) provides an insight into the
scale of the fault offset problem. They have identified nearly 90 cases of observed

surface fault displacements, and have plotted the magnitude of the earthquake
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(C) Strike-Slip Fault Sequence

Figure 3-1: TYPES OF FAULT MOVEMENT: THRUST, NORMAL, AND
STRIKE-SLIP (after Cluff et al., 1970) ’
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events against the recorded maximum surface displacement for the three principal
fault types, as shown in Figure 3-2. Older, but similar, plots of data were presented
by Bonilla (1970) and Taylor and Cluff (1977). These records of surface fault
ruptures should give the dam engineer confidence in the sense that there appear to
be reasonable magnitudes of maximum fault offsets that one would have to
consider in the design process. Depending primarily on the magnitude of the
earthquake and the type of fault movement, the maximum surface displacement or
offset from known earthquake events ranged from less than an inch to at most
around 35 feet. Moreover, researchers have found that the average surface fault
displacement or offset in any given event was only approximately 50% of the
maximum offset at one point along the fault (Sherard et al., 1974; Wells et al,,
work in progress). In most cases, earth dams would be planned at sites where fault
movements were at the lower end of the ranges of displacements given, as dams
would not typically be sited across major faults considered capable of producing
earthquakes of M|, > 7. Thus, in most cases, the dam engineer would have to
incorporate defensive design features that would accommodate only a few inches
to at most 5 to 10 feet of differential movement. Of course, the site specific value
of expected fault offset could be assessed only after a comprehensive geologic
study of the dam site and the surrounding regioh was conducted. This data,
however, provides the engineer with preliminary estimates of anticipated fault
offsets based on earthquake magnitude and fault type, and at least a sense of the
scale of the problem.

In most cases, the majority of fault movement appears to occur along a
single rupture plane, with the remainder of the movement being distributed over a
wider distorted zone (Bonilla, 1970; Taylor and Cluff, 1977) The rupture plane

appears most likely to be aligned, at least roughly, with the most recently displaced
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fault strand. After investigating the surface faulting associated with the 1906 San
Francisco earthquake, Lawson (1908) concluded:

The width of the zone of surface rupturing varied usually from a few

feet up to 50 feet or more . . . The displacement appears thus not

always to have been confined to a single line of rupture, but to have

been distributed over a zone of varying width. Generally, however,

the greater part of the dislocation within this zone was confined to

the main line of rupture, usually marked by a narrow ridge of heaved

and torn sod.
Yerkes (1974) found that for the 1971 San Fernando earthquake, "The
displacement on the fault occurred across a zone about 350 feet wide, but nearly all
of the lateral displacement occurred in a zone about 100 feet wide." Taylor and
Cluff (1977) concluded, "Surface faulting is generally confined to a narrow fault-
traces in a wider zone of disturbance." Oakeshott (1973) disagreed, "Note that the
exception is the simple, single fracture. This is true of all active faults I have
followed; the simple, single trace is rare; the complex, discontinuous traces are the
rule." Overall, however, it appears that a general consensus had been reached to
the effect that the greater part of the fault offset usually occurs within a narrow
zone. The rest of the movement may be distributed across a wider distorted zone.

On one hand, the majority of differential movement across a fault zone is
likely to be concentrated on a single break so that the problem is likely to be
localized. On the other hand, the remainder of the movement could occur on
secondary fractures or faults some distance away from the main trace so that the
dam engineer cannot afford to focus exclusively only on the main fault trace. In
fact, researchers warned of tilting or warping of bedrock adjacent to faults that
displaced. Bonilla (1970) presented data which confirmed that significant
movement occurred on secondary fault features. As shown in Figure 3-3,

displacement on secondary fractures could be as much as 20% of the amount of

displacement on the main fault as far away as 8 miles from the main fault. Thus, in
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seismic regions, movement on inactive faults, bedding planes, or existing fractures
cannot be ignored. Moreover, an analysis of over 1200 active fault strands by
Bonilla and Lienkaemper (work in progress) found that about 14 percent of these
strands seemed to die out or actually died out even though the earthquake faulting
occurred ‘recently”. This led the authors to conclude that a "fault strand overlain
by an apparently undisturbed deposit is not necessarily older than the deposit".
Therefore, any existing plane of weakness might be suspect when evaluating the
potential for ground movement at a dam site.

Finally, given their experience observing and studying the occurrence of
surface faulting, these geologists were able to characterize the general behavior of
fault rupture (Lawson et al., 1908; Briggs, 1929; Louderback, 1937; Bonilla, 1970;
Cluff et al., 1970; Oakeshott, 1973; Sherard et al,, 1974; Taylor and Cluff, 1977,
Compton, 1985; McCalpin, 1987; Cluff, 1988; Bonilla, 1988(c)). The dip of thrust
faults tended to range from 20° to 40°. Usually the dip of these faults became less
steep as the bedrock fault rupture propagated up through soil. The upthrown
block of thrust faulting was more likely to be warped or fractured. Hence, the zone
of ground deformation above the upthrown block was more extensive. Normal
faults tended to dip between 55° and 75°, although a number of normal faults dip
nearly vertically. In the case of normal faulting, the dip of the fault plane became
more steep as the rupture propagated through soil. Due to the development of
gravity grabens and the increased likelihood of secondary fractures in the
downthrown block, the zone of ground disturbance was typically wider above the
downthrown block in normal fault movements. Strike-slip fault planes tended to
be close to vertical. Although individual fault traces may fan out or "flower” near
the surface in alluvium, the rupture usually continued to propagate in soil along
nearly vertical planes. The zone of disturbance for strike-slip faults was typically

narrow relative to that associated with other types of fault movement.



Oakeshott (1973) concluded, "Scarps in bedrock are much simpler and less
extreme than scarps in colluvial materials. Bedrock scarps much more accurately
reflect the true attitude of the fault surface and nature of movement." It was not
surprising, then, that it was difficult to find detailed, informative field studies of
how bedrock faults propagated through soil. Seismologists and geologists often
concentrated on studying the surface expression of faults in bedrock or shallow soil
sites since here the true character of the deeper bedrock fault rupture could be
observed. Furthermore, a number of geologists suggested that fault ruptures (or
offsets) within the bedrock could be "absorbed" in soil near the surface, and hence,
the true magnitude of the fault offset could not be determined at surface
expressions. On the other hand, gravity grabens often exaggerated the amount of
fault displacement below the surface. It seemed reasonable, however, to expect
that fault movement should generally dissipate as the rupture propagated through
overlying soil deposits.

Much can be learned from reviewing the published discussions of
experienced geologists regarding the surface faulting phenomenon. Earthquake
faulting is a complex process which includes many unknowns. Each generalization
seems to have its own exception. Yet, the guidance provided by these experienced
geologists is potentially invaluable to the designer of dams to be built over faults.
It is important to know what the "usual" manifestations of fault rupturing are and to
anticipate the deviations from the "usual". In the next sections, specific informative
surface rupture field studies will be examined to improve our knowledge of this

phenomenon.
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3.2.2 Indicative Fault Rupture Propagation Field Studies:
(a)  Thrust Faulting:

- The 1964 Alaskan Earthquake:

On March 27, 1964, the Alaskan earthquake produced significant regional
tectonic deformation along the south-central coastal area of Alaska. This
magnitude 8.4 earthquake with its six magnitude 6.0 or higher aftershocks
reactivated two high angle thrust faults on Montague Island in Prince William
Sound. A map and profile showing the Patton Bay and Hanning Bay faults along
with the tectonic displacements in the vicinity of Montague Island is presented in
Figure 3-4. The surface faulting accompanying the 1964 Alaskan earthquake has
been thoroughly studied by Plafker (1967). His report forms the basis for the
review of this spectacular earthquake event.

Extensive down-warping of the upthrown block occurred in the vicinity of
the distinct fault breaks. As shown in Figure 3-5, the upthrown block and
downthrown block along the Patton Bay fault displaced or offset more than over 20
feet relative to each other across a 1000 foot wide zone. Only 6 to 84 feet of this
differential movement occurred on the 4 foot wide Patton Bay fault. The
remaining 12 to 14 feet of relative displacement was taken up by the tremendous
down-warping of the upthrown block of bedrock. This down-warping produced a
number of tension cracks along pre-existing joints and bedding planes in the
bedrock of the upthrown block. Figure 3-6 shows a number of these secondary
cracks in the upthrown bedrock at locations where these cracks were exposed. A
close-up of a cr?ck near Hanning Bay fault is shown in Figure 3-7. Individual
cracks were over 200 feet long. The cracks opened to widths of up to 0.4 feet and
to depths of up to 7 feet. These cracks were typically located within 400 feet of the
main fault scarps on the upthrown blocks. No newly opened cracks were found on

the downthrown blocks, Cracks displaced primarily in extension perpendicular to
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Figure 3-7. TENSION CRACK 25 INCHES WIDE AND AT LEAST 7 FEET
DEEP IN THE WARPED ZONE OF THE UPTHROWN BLOCK
OF THE HANNING BAY FAULT (after Platker, 1967)
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the crack face, although a few cracks possessed a shear component also. The 1964
Alaskan earthquake was a powerful example of the dangerous secondary fracture
effects which can be produced on the upthrown block of a thrust fault movement.

As shown in Figure 3-5, the 1964 Alaskan earthquake produced a 8 foot
offset across the Patton Bay fault, which dips at about 85°, at the shore near Jeanie
Point. Figure 3-8 shows this 8 foot scarp in the beach deposits at the bottom of a
500 foot high cliff composed of fractured rock. There was no offset, however, in
the continuation of the Patton Bay fault at the top of the cliff. In fact, there was
apparently no differential movement across any of the existing faults or fractures at
the top of this cliff. Yet, on the backside of the cliff where the elevation dropped
350 feet from the top of the cliff, the fault scarp re-emerged along the continuation
of the Patton Bay fault. Over 8 feet of displacement was "absorbed" in the
fractured rock between the base and the top of the cliff shown in Figure 3-8.
Bonilla (1970) concluded, "Evidently the faulting was distributed and taken up
along the numerous joints and minor faults in the rock." This incident provided
clear evidence that a fractured medium or granular material could locally absorb
significant movements on a distinct bedrock fault plane.

Figure 3-8 illustrates another finding from Plafker's study of the surface
faulting on Montague Island. The dip of the Patton Bay fault steepened as the
fault traveled up the face of the 500 foot cliff. Plafker believed that the steep dip
of 85° to 90° at this location "may represent only a near-surface steepening of the
fault plane where it breaks to the surface along the most direct path". Rock
outcrops along the trace of the Patton Bay fault showed the fault plane dipping at
65° to 85°. The Hanning Bay fault dipped at 50° to 60° at Fault Cove. When the
fault propagated through deposits of glacial till just south of Fault Cove, the dip of

the fault plane steepened to around 80°. Although this evidence is far from
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conclusive, it suggests that this steeply dipping thrust fault steepened even more as
it propagated through fractured surface rock or glacial till.

Plafker complained that it was difficult to measure the inclination of the
actual fault planes because bedrock offsets were often expressed at the surface by
flexing and fissuring of overlying unconsolidated deposits. It was interesting to
follow Plafker as he described the various surface expressions of the Patton Bay
fault as it traveled up Montague Istand. The changing surface expression of the
Patton Bay fault movement during the 1964 Alaskan earthquake indicated that
different overlying soil deposits produced unique orientations and magnitudes of
surface displacements. A few examples of this phenomenon follow.

Fissures up to 3 feet wide with up to 5 feet of vertical displacement across
them defined the fault break at the surface in an area of unconsolidated glacial till
and peat vegetation. Approximately a mile away, where the fault intersected a
previously flat 100 foot wide muskeg bog, the fault movement tilted the eastern
half of the muskeg and produced an anticlinal flexure of its central section. No
distinct fissures were observed. Further along the Patton Bay fault, a terrace
deposit of stream gravel was displaced into four gently sloping steps 10 to 20 feet
wide separated by three large fissures. The ground tilted toward the downthrown
block to accommodate a vertical offset of at least 10 to 12 feet. At another point
the fault was expressed by a 40 to 60 foot wide swath of trees tilted 20° out of
vertical. Here, the net vertical displacement was 14 to 22 feet. Near this location
the bedrock fault was exposed in a dry creek bed as a 3 foot wide zone of sheared
siltstone. In the flood plain immediately north of this rock outcrop, the 20 foot
offset was accommodated by an average 12¢ downslope tilt of the soil surface over
a 100 fogt wide area. In a deep valley deposit covered by peat moss over wet soil
the fault offset produced a series of small cracks 1 to 4 inches in width in a zone a

few hundred feet wide.



It was clear that the local surficial geology significantly influenced the
character of the surface rupture. Stiffer till materials exhibited deep, wide fissures
in a narrower zone of deformation or tilting; whereas softer, plastic, wet sediments
usually accommodated the bedrock fault offset in a broad flexure with smaller and
less distinct individual fissures, Of course, not all of the variations in the observed
surface expressions of the fault could be attributed solely to soil and ground cover.
For example, at one location a broad zone of deformation in the surface materials
resulted from the widening of the Patton Bay bedrock fault in this area to roughly
75 feet instead of the normal 3 to S foot width. This widening of the bedrock fault
zone occurred in a sheared siltstone material. An overwhelming number of
observations, however, demonstrated the significant influence of local soil
conditions on the character of the surface rupture.

Finally, it was remarkable given the magnitude of the fault movements on
Montague Island, that they were not the primary features along which the
earthquake occurred. Instead, the epicenter of the main shock was located
approximately 90 miles away from the Patton Bay and Hanning Bay fault traces.
The epicenter of the nearest major aftershock located along the projection of these
fault traces was located more than 120 miles away. The 1964 Alaskan earthquake
showed how a large earthquake could produce cons-iderable tectonic deformations

over an extensive region.

- The 1971 San Fernando earthquake:

On February 9, 1971, a magnitude 6.5 earthquake occurred on the San
Fernando fault near Los Angeles, California. This moderate earthquake produced
more than 14 miles of surface faulting, as a block of the western San Gabriel
Mountains was thrust out over the San Fernando Valley. Considerable additional

subsidiary faulting occurred within the upthrown block. Geologic cross sections
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based on well data as well as geologic mapping indicated that the San Fernando
Fault was fairly steep at depths greater than 1000 feet (i.e. fault dip greater than
60°; Yerkes, 1973). The estimated orientation of the fault plane at the
earthquake's focal depth of around 5 miles was approximately 45° (Bolt, 1972).
Numerous observationsrconfirmed, however, that the dip of the San Fernando fault
flattened to 30° or less as the fault propagated toward the ground surface through
Tertiary sedimentary strata and Quaternary alluvium. For example, at one trench
across a 2.3 foot scarp the fault dipped at 32 at depth but near the surface the
fault plane bent over to become almost horizontal (Barrows et al., 1973). Since at
this location the ground surface was fairly level, this bending over of the low angle
thrust fault near the surface was believed to be a result of fault propagation
behavior, not gravitational effects. A number of other thrust fault exposures
mapped in the San Fernando area exhibited this same tendency to flatten in dip as
the fault plane ascended toward the surface. The inclination of another group of
thrust faults in this area, however, appeared to remain fairly constant over a
considerable depth.

Surface faulting during the 1971 San Fernando earthquake also
demonstrated the considerable variability that makes generalizations regarding
fault rupture propagation difficult. Figure 3-9 presents two fault trench maps
obtained along a subsidiary fault near the San Fernando fault. Trench 2 was
located only 85 feet away from Trench 1, along the same fault trace. Whereas at
Trench 1, the faulting produced a nearly vertical 3 foot high scarp, at Trench 2, the
fault was expressed at the surface by a 3 foot high flexure approximately 60 feet
wide. No distinct surface rupture was observed at Trench 2. The variation in these
surface expressions of the fault rupture may be partially explained by the variations
in earth materials at these two sites. Whereas Trench 1 cut across a segment of the

fault bordered by more competent earth materials like siltstone and sandstone,
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Trench 2 was located at a site where loose fill and stream deposited alluvium
overlay the bedrock fault rupture. Although not the only factor influencing the
character of the surface expression of deeper fault ruptures, local soil and rock
conditions appeared to be a significant factor.

Movement on the Veterans fault during the 1971 San Fernando earthquake
provided another example of the potential importance of surface materials.
Differential movement along the bedrock fault plane near the surface was
measured to be 6 to § inches. The differential movement at the surface decreased
to 2 to 3 inches at locations where the Veterans fault was beneath earth fill.
Similar to the frustration voiced by Plafker (1967) in the last section, Yerkes (1973)
found that it was difficult to identify fault ruptures in "unconsolidated" (soil)
materials. Where the fault intersected consolidated (rock-like) materials, the fault
ruptures could be seen more easily. Barrows et al. (1973) noted that faults which
cut across ridge and canyon topography produced clean vertical offsets in the rock
ridges but no visible surface offset in the canyon deposits of soil. Finally, the
geologists involved in the post-earthquake investigation warned that it was difficuit
to determine the activity of faults overlain by loose unconsolidated deposits.
Bonilla (1973) concluded,

Ten out of 16 trenches across 1971 surface ruptures clearly revealed

the ruptures, but six trenches yielded no or very equivocal evidence

of the ruptures. Fault ruptures can be extremely difficult or

impossible to see in massive unbedded material ranging from silt and

clay to coarse bouldery sand and gravel.

Oakeshott (1973) agreed, "This confirms experience elsewhere; absence of an

obvious fault in a trench does not in itself prove a fault is not there!”
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- The 1952 White Wolf, California earthquake:

The 1952 White Wolf, California earthquake (also named the Arvin-
Tehachapi earthquake of 1952) produced about 32 miles of discontinuous surface
faulting. The width of the fault zone varied from a narrow individual scarp to a
complex series of fractures over a mile wide. Oakeshott (1973) explained, "Steep
topography, the low near-surface angle of thrusting, interrupted faulting, and
lurching make for a highly complex pattern in this fault zone." The magnitude 7.7
earthquake caused left-lateral horizontal movements as well as thrust dip-slip fault
movements. A bedrock block at the edge of the Sierra Nevada Mountains was
uplifted about 3 to 4 feet and thrust over the alluvium deposits of the San Joaquin
Valley, This thrust displacement was accompanied by about 2 feet of left-lateral
movement. At the surface along the main rupture zone, movement on low-angle
thrust fault planes (i.e. dip angles of 5° to 20°) produced compression ridges or
mole-tracks about 3 feet high. Oakeshott {1973) noted that seismological
computations estimated that the dip of the fault rupture plane in the bedrock at
depth was around 60° to 66°. The uplifting of the mountain block appeared to
create a fault rupture which bent over and decreased in dip as the rupture
propagated toward the surface.

Another noteworthy observation was made by Buwalda and St. Amand
(1955). "We have the dilemma that the faults indicated at the tunnels show
displacements of at least several feet while the moletracks which are presumably
their continuation on the hill above show relatively small offsets both horizontally
and vertically." The differential movement on the fault plane which was readily
detected in a concrete lined buried railroad tunnel was distributed and largely
absorbed in the fractured, weathered bedrock and soil between the tunnel and the

ground surface. This appeared to be further clear evidence that differential
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movement across fault ruptures can dissipate as the fault rises up on toward the

ground surface through overlying soils.

- The 1980 Algeria earthquake:

A large magnitude earthquake in Algeria in 1980 produced significant
tectonic deformations over a wide area. Displacements or offsets on the primary
thrust fault reached 8 to 12 feet in places. The fault plane decreased in dip as the
fault rupture propagated toward the surface. Distinct breaks or compression ridges
along the surface marked the trace of the thrust faults. Significant secondary
tectonic deformation in the upthrown block accompanied this major thrust fault
movement. Severe normal faulting took place in a region of local extension in the
hanging wall above the thrust fault plane. This extension zone in the upthrown
block was approximately 2 half a mile to a mile behind the compression zone
created at the trace of the thrust faults. The geologic cross-section shown in Figure
3-10 attempted to explain the developrﬁent of the compression and extension zones

at the surface.

- The 1945 Mikawa, Japan earthquake:

The magnitude 7.1 1945 Mikawa, Japan earthquake produced about 7 feet
of differential displacement across a very narrow thrust fault in bedrock. A
Japanese researcher reported that there was extensive damage on the upthrown
block but negligible damage in the downthrown block of this thrust fault
movement. A long section of the fault plane was later exposed in a quarry pit.
This fault rupture through bedrock materials near the surface was a clean, narrow,
continuous break between the two adjacent rock masses (Department of Water
Resources, 1974). Within the rock materials the fault plane dipped at 50° to 70°.

Where the bedrock was not exposed, the fracture propagated through overlying
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soil deposits at a flatter dip. At the surface of the soil deposits, the dip of the fault

plane was reduced to 15° to 20° (Richter, 1958).

- Fault Exposures at Point Conception, California

A comprehensive geoseismic investigation performed in conjunction with
siting a proposed Liquified Natural Gas (LNG) terminal near Point Conception,
California produced data on a number of low-angle thrust faults (the most
significant of these being the Arroyo fault) which propagated up through 10 to 20
feet of alluvium (Dames & Moore, 1980). Detailed maps were prepared for each
trench excavated across the fault traces. The orientation of each fault plane in the
bedrock and in the Quaternary terrace deposits was listed. Of the 20 exposures of
thrust fault traces where the fault plane attitude could be detected in the bedrock
and in the soil depaosits above, 12 of these fault planes decreased significantly in dip
as the fault rupture propagated from the bedrock through the overlying soil toward
the surface. In these cases, a decrease in the fault plane attitude of at least 10°
was considered significant. The remaining 8 fault planes did not increase nor
decrease significantly in dip in passing from the bedrock to the overlying soil
materials. None of the 20 fault planes exposed in the trenches were significantly
's‘;eeper in the soil deposits above the bedrock materials. The low-angle bedrock
thrust fault ruptures tended to flatten out as they propagated through overlying soil
deposits. \

The faults observed at this site were narrow individual shear planes or
narrow bands of multiple shear planes. The Arroyo fault exposure proved to be
the exception (See Figure 3-11). It displayed normal fault movements as well as
thrust fault movements. The differential movement across the fault in alluvium at
this location occurred on individual shear fractures, not in wider distorted shear

zones. The soil and rock a short distance away from these individual shear planes



appeared fairly intact. The fault strands which displaced the soil in a thrust
manner (labeled A, B and C) generally flattened as they propagated through the
soil. The normal fault strand (labeled D), however, steepened as it propagated
through the overlying alluvium. This one fault exposure portrayed the typical fault

rupture upward propagation paths of both thrust and normal faulting.

- Study of Basement Rock Block Faulting in Wyoming:

Extensive field studies of the Laramide deformation of the Rocky
Mountains foreland in Wyoming carried out during a four year period provided the
basis for a comprehensive report of basement rock thrust faulting by Prucha,
Graham and Nickelsen (1965). This field study included a review of pertinent
published papers and U.S.G.S. geological maps of the Wyoming Province. In their
attempt to understand the predominant structural features of this region, the
authors developed an hypothesis to explain how fault ruptures in the metamorphic
or igneous basement rock propagated up through the overlying sedimentary rocks.
They substantiated their hypothesis with the results from the stress field analyses,
sandbox model studies, and field studies of the Wyoming province. The results
from the field studies will be explored here.

Prucha, Graham, and Nickelsen (1965) advanced the theory that uplift of a
basement rock block relative to an adjacent block on a distinct vertical fault would
produce a fault plane in the overlying sedimentary rocks that initially would be
oriented vertically but toward the surface would bend over to dip at a low angle
over the downthrown block. Figure 3-12 illustrates the characteristic profile of
these hypothesized upthrust faults, and portrays the authors' postulated sequence
of deformation of the sedimentary rock beds overlying the offset basement rock

blocks. The authors explained,
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The exact shape of an upthrust fault above the related discontinuity

in the basement depends on the thickness of the sedimentary section

above the basement, the type of rocks involved, the attitude and

magnitude of the discontinuity in the basement, the topographic

effects produced by the faulting, and other factors. As a

eneralization, however, the steep (> 45° ) segments of an upthrust

ault constitute the major part of it. Thus, one would expect in

nature, as experience confirms, that the steep segments of upthrusts

are more commonly found than the flat upper segment. Post-faulting

erosion removes the flatter segment of an upthrust first, and this too

increases the relative abundance of the steeper parts.

Examination of their postulated sequence of deformation in the sedimentary rock
beds overlying the basement fault blocks was also interesting. As shown in Figure
3-12, initially the lower most beds adjusted to the basement rock fault offset by
"drape folding" (B). When some limiting strength threshold was reached, these
beds failed by faulting (C). Eventually, enough basement rock movement occurred
to propagate the fault rupture to the surface (D). As previously noted, sandbox
mode] test results "validated" the authors postulates.

Sound field evidence, however, is always more persuasive than results from
model tests. Prucha et al. presented a number of geologic field studies to help
validate their hypothesis that vertical basement rock faults decrease in dip as they
approach the surface. They interpreted the surface expression of the Long Gulch
fault near Bellvue, Colorado as evidence of a plunging upthrust fault plane. As
shown in Figure 3-13(A), the Long Gulch fault is expressed at the surface as two
distinct segments with divergent dips and strikes. The geometric relations between
the high and low angle segments of a plunging upthrust fault plane and an
horizontal erosion surface is shown in Figure 3-13(B). Between A and B, the fault
appears at the surface as a nearly vertical thrust fault. The trace of segment BC
curves to right and it dips at a low angle. The divergent dips and strikes of the

Long Gulch fault expressed at the surface are just different manifestations of the

same basement rock plunging thrust fault.
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The authors also presented geologic interpretations of other formations.
The low-angle segments of the upthrust faults produced the compression structures
found in this region. Secondary crustal deformation and faulting occurred above
the uplifted basement block in a zone of extension. The postulated folding of the
sedimentary beds before the development of a distinct shear plane could be
observed at several of the sites studied. They concluded, "The characteristic
asymmetry of basins and uplifts, the diversity of structural trends, and the close
relation between faulting and folding all are consistent with the concept of
structural control by basement block faulting.”

Finally, Prucha et al. presented one more interesting view of the fault
rupture propagation phenomenon. Two different profiles of thrust faults are
shown in Figure 3-14. The fault plane in Diagram A becomes progressively steeper
as the rupture approaches the surface. This concave upward thrust fault is
produced by regional horizontal compression. This type of fault profile appears to
be analogous to the failure surface created by the passive earth failure behind a

rigid retaining wall. On the other hand, the fault plane in Diagram B becomes
progressively shallower as the rupture approaches the surface. This convex upward
thrust fault is produced by the differential vertical uplift of basement rocks as
previously described. This type of fault profile appears to be analogous to the
failure surface created when a rigid anchor is pulled out of the ground. Prucha,
Graham and Nickelsen's simple illustration of the two different tectonic
mechanisms that produced these different fault rupture patterns is interesting, and

appears to lend itself to these two analogies.
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(b)  Normal Faulting:

- The 1954 Dixie Valley-Fairview Peak, Nevada earthquake:

A magnitude 7.1 earthquake centered near Fairview Peak followed four
minutes later by a magnitude 6.8 shock near Dixie Valley on December 16, 1954
constituted the 1954 Dixie Valley-Fairview Peak, Nevada earthquake. These
earthquake events combined to produce significant surface faulting in an arid
region 60 miles long and 20 miles wide. The amount and directions of
displacements across the faults in this area were extremely variable. The
maximum strike-slip component recorded was 12 feet. Likewise, the maximum
normal dip-slip component recorded was 12 feet. The faults usually displaced
predominantly in a normal dip-slip manner. Articles by Slemmons (1957) and
Oakeshott (1973) provided the basis for this review of the 1954 Dixie Valley-
Fairview Peak, Nevada earthquake.

Most of the fault ruptures took place near the contact between an alluvial
valley and the bedrock range adjacent to it. Gilbert (1890) found this set of
circumstances conducive to the development of gravity graben structures in the
alluvial deposits. As shown in Figure 3-15, these graben structures formed when
the attitude of the fault plane increased as the rupture propagated into the
alluvium. Fault scarps in this case history exhibited all four of the behaviors
described by Gilbert. An example is shown in Figure 3-16. Slemmons (1957)
observed Gilbert's postulated change in the dip of the fault plane as it left the
bedrock and entered into the alluvium. A bedrock fault which dipped at about 55°
to 65° increased in dip to 70° to 90° as the fault propagated through alluvium.
This tendency for a normal fault to become steeper as it approached the surface
seemed to generally hold true at locations away from the bedrock-alluvium contact.

At depth, in a firm consolidated alluvium the fault plane was measured at an angle
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of dip of 60°. As the fault plane broke to the surface in the looser alluvium above,
it steepened to an almost vertical fracture.

The 1954 Dixie Valley-Fairview Peak surface faulting often took the path of
least resistance. Slemmons (1957) observed locations where the main scarp left
the usual position near the contact between the valley soii deposits and the horst
bedrock mountains. Instead, the rupture cut a straight path across the valley
between two points on irregular segments along the bedrock-alluvium contact.
This tendency to take the most direct route was also demonstrated in the vertical
plane when fault ruptures along the alluvium bedrock interface propagated up to
the surface through the alluvium at a much steeper dip.

Because of the development of a gravity graben or subsidence zone adjacent
to the fault scarp, scarp heights in alluvium, especially on steep slopes, were
sometimes much higher than the actual bedrock offset. Gilbert's figures (see
Figure 3-15) illustrated the point that local gravity effects could exaggerate the
apparent fault offset. Additionally, fault scarps grew when the near vertical face of
the original break began to sluff and retreat uphill. At one location, photographs
of a fault scarp just 5 days apart showed an increase in the scarp height of about 3
feet. Sluffing and ravelling of the face of the scarp, not additional earthquake
faulting, produced this apparent increase in the fault offset.

Without these gravity effects, however, fault offsets in the alluvium were
smaller, not larger, than the bedrock fault offsets below. Near Fairview Peak, the
scarps were generally 3 or 4 feet high in the alluvium. Where the fault was in
bedrock the offset was measured to be about 7 feet. - Slemmons (1957) made
another interesting observation at this location. As described, the scarp remained
about 3 to 4 feet high across this area, except for a quarter mile gap where the

surface rupture disappeared beneath an alluvial fan. One plausible explanation for
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this observation was the hypothesis that the loose granular materials comprising
the alluvial fan locally absorped the vertical fault movement.

Three final points should be made. In general, single, simple fault ruptures
appeared at the surface where the fault propagated up through bedrock or well-
consolidated alluvial materials. The surface expression of fault ruptures in looser
materials was typically much more complex. Secondary deformations occurred
predominantly in the normal fault's downthrown block. Finally, precise leveling of
U.S. Highway 50 indicated that the Fairview earthquake produced a 25,000 foot
wide subsidence zone. Over 20,000 feet of this subsidence zone was located in the
downthrown block. The majority of the differential movement occurred across two

300 foot wide fault zones.

- The 1959 Hebgen, Montana earthquake:

The magnitude 7.1 Hebgen, Montana Earthquake of 1959 created a
subsidence zone about 15 miles wide and 30 miles long southwest of the Hebgen
and Red Canyon faults. Fifty square miles within this subsidence zone in the
hanging walls of the normal fault systems subsided over 10 feet. Movement on the
Hebgen and Red Canyon faults produced 22 miles of surface ruptures. The main
fault scarps were paralleled by numerous secondary breaks in the unconsolidated
material above the downthrown block. Withind et al. (1962), Streinbrugge and
Cloud (1962), Hadley (1964), Meyers and Hamilton (1964), and Witkind (1964)
published detailed accounts of this seismic event.

Simple fault scarps as well as complex graben structures were formed at the
surface as a result of the intense bedrock faulting. In either case, bedrock fault
planes were usually refracted to steeper orientations in the overlying colluvium. As
Gilbert (1890) had described, this change in the dip of the rupture plane produced

large open fissures along the main scarps. Figure 3-17 shows the gap created at a
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simple fault scarp structure. The dip of the exposed rupture surface depended on
the kind of surficial material ruptured. Scarps in clayey soils stood nearly vertical,
whereas, fault planes in less coherent colluvium materials dipped at lower angles of
between 60° and 85°. The investigators believed that the bedrock faults dipped at
about 60°. Of course, there were exceptions to these general observations. Where
the slope of the ground surface was steep, the fault sometimes did not refract into
the colluvium above the bedrock but continued along the bedrock-colluvium
interface. The coherent, inclined mass of earth shifted downslope as a unit to take
up the displacement on the concealed bedrock fault.

Monoclinal warping and mole-track thrusting provided further evidence of
the changing attitude of the fault rupture as it travelled through unconsolidated
earth materials. The West Yellowstone basin was a broad plain underlain by a
thick deposit of obsidian sand and fine gravel. Witkind et al. {1962) explained,

Monoclines prodominate at the surface, but are believed to result

from extreme near-surface refraction of faults that are normal at

greater depth, or from draping over normal faults which do not

break the surface . . . Features such as the anomalous dips of fault

scarps and the mole-track thrusts are attributed to the combined

effects of extreme surficial refraction of bedrock normal faults, which

characteristically change dip upward into weak, unconsolidated
material, and contemporaneous mutual slump of both walls of the
refracted faults.
A diagram illustrating these concepts is shown in Figure 3-18. Differential
movement across the mole-track thrust structures at the surface ranged from a few
inches to nearly 3 feet. It seemed that larger bedrock fault offsets were dissipated
within this unconsolidated soil deposit.

Brune and Allen (1967) calculated that the subsurface displacement or

offset along the deep fault rupture which produced the 1959 Hebgen earthquake

was more than 40 feet. This calculation was made using dislocation theory. The

largest surface rupture produced by the earthquake was only 20 feet. Hence,



89

MONOCLINE
TREES TILTED BROAD, VERY SHALLOW

SAG OF COLLAPSE

M i thhe

PATHS TO PRODUCE \ /4 MOLE-TRACK THRUST
STEEP SHORT MONOCLINE
OR SHEAR FAULT SCARP\\

\
\

\{
100 ft —
OBSEDIAN SAND
UNCONSOLIDATED
200 ft — FAULT REFRACTED TO

STEEPER ATTITUDE IN
UNCONSOLIDATED
SEDIMENTS

s
~ 9%,

Figure 3-18: FAULT RUPTURE PROPAGATION OF A BEDROCK
NORMAL FAULT MOVEMENT THROUGH A DEEP
UNCONSOLIDATED DEPOSIT NEAR HEBGEN LAKE,
MONTANA (after Lade et al., 1984)



50

calculations based on dislocation theory suggested that differential movement at
the surface could be substantially less than the primary fault rupture displacement
at depth. Again, a case could be made that differential movement dissipated as the

fault rupture propagated toward the surface through the soils.

- The 1983 Borah Peak earthquake:

The October 28, 1983 Magnitude 7.3 Borah Peak earthquake in central
Idaho produced more ihan 22 miles of surface faults (Taylor et al., 1985; Crone et
al., 1987). The downthrown block's valley surface subsided more than 10 feet in
some locations. The observed surface ruptures came in many forms. Bedrock
faulting created zones of ground breakage as wide as 450 feet, complex gravity
grabens, en echelon diagonal scarps, and single scarps nearly 16 feet high.
Generally, the fault scarps followed near the mountain bedrock and valley
alluvium contact, although at one location, the scarps did deviate from the
bedrock-alluvium contact where a more direct path between two points along the
bedrock-alluvium contact 2i miles apart existed.

The avéragc offset along the surface fault features was 3.6 feet. Doser and
Smith (1985) estimated that the average coseismic displacement at depth was on
the order of 4.6 feet, based on the seismic moment, Stein and Barrientos (1985)
estimated the average subsurface displacement to be 7.2 feet, based on modeling
of geodetic data. In any case, these calculations suggested that some fraction of the
dip-slip offset at depth failed to reach the ground surface. Four separate analyses
of teleseismic data from the earthquake's main shock calculated the dip of the fault
plane at depth to be on the order of 45° to 60° (National Earthquake Information
Service, 1983; Barrientos et al, 1985; Dewey, 1985; Dosier and Smith, 1985).
Individual fault planes cutting through the surface alluvial deposits were found to

dip significantly more steeply at angles of between 60° and 90°. Often the
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cohesive soil near the surface was able to sustain vertical or overhanging scarp
faces. Crone et al. (1987) noted,

The observed surface faulting characterizes the slip at depth only in

a general manner. At places, the apparent dip and strike of the fault

determined by the relationship of the scarps to the topography are

dramatically different than the dip and strike measured in natural

and man-made exposures. These discrepancies can be caused by

irregularities in the fault plane, multiple fault strands, refraction of

the fault in surficial materials, and slumping.

As discussed, the 1983 Borah Peak earthquake produced various patterns of
surface ruptures. A 75 to 150 foot wide zone of complex ground breakage is shown
together with a close-up shot in Figure 3-19. Crone et al,, 1987 offered the plan
view and cross section shown in Figure 3-20 as an explanation of this pattern of
surface ruptures. The fault scarp cut across a gentle sloping alluvial fan of
substantial thickness. Similar to how Witkind et al. (1962) explained the mole-
track thrusts formed during the 1959 Hebgen earthquake, Crone et al. (1987)
reasoned that the low-angle surface thrust fault in this otherwise extension zone
developed because of the change in dip of the principal normal fault plane as it cut
through the alluvial deposit. Gravity graben éffects produced the secondary
synthetic displacements on the smaller fractures between the main scarp and the
mole-track. .

Local soil conditions played an integral role in the development of different
scarp morphologies. Note the contrasting surface expressions of a deeper fault
rupture portrayed in Figure 3-21. In the foreground, the fault offset wet, fine
grained sediments at a spring. The ground here warped into a broad moncline with
virtually no distinct fault scarp. Instead, only tension cracks with little vertical
displacement across them formed at the point of maximum flexure. In the
background, this same fault offset a dry, brittle, gravelly colluvium. Here, a single

distinct scarp accommodated nearly all of the vertical offset. Ductile earth
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Figure 3-21: VARIATION IN FAULT SCARP MORPHOLOGY AS
SURFICIAL MATERIALS CHANGE FROM COLLUVIUM IN
THE BACKGROUND TO WET FINE GRAIN PLASTIC
SEDIMENTS IN THE FOREGROUND (after Crone et al., 1987)



materials tended to bend and gradually adjust to differential fault movements. On
the other hand, brittle materials broke on sharper individual shear planes.

Two eyewitness accounts of the 1983 Borah Peak earthquake surface
faulting were documented by Taylor et al. (1985). These direct observations of the
surface fault rupture phenomenon provided a rare opportunity to learn how
surface ruptures developed. Mrs. Knox was 1000 ft away from the Arentson Gulch
fault when it ruptured. She noted that the surface rupture did not form until the
period of strong shaking subsided. The scarp seemed to tear from one end of the
landscape to the other end. It took a few seconds for the scarp to elongate about a
mile and a half. Two other hunters in a truck only 60 feet from a main fault scarp
noticed that the shaking proceeded the ground rupture by 2 or 3 seconds. The
ground first dropped around 6 to 10 feet and then about a second later the surface
break abruptly appeared. Both sets of eyewitnesses thus observed earthquake
shaking, surface deformation and then the subsequent development of a distinct

fault scarp.

- The 1915 Pleasant Valley, Nevada earthquake:

The Pleasant Valley, Nevada Earthquake of October 2, 1915 registered as a
magnitude 7.6 earthquake. Normal faulting produced 20 to 40 miles of surface
ruptures. The characteristics of the fault scarps, as described by Jones (1915), were
remarkably similar to those previously described in the review of the 1954 Dixie
Valley-Fairview Peak earthquake, the 1959 Hebgen earthquake, and the 1983
Borah Peak earthquake. For example, a gap 9 feet wide opened adjacent to what
Gilbert (1890) would have described as a single simple fault scarp. The change in
the dip of the fault rupture near the ground surface produced the geometric
conditions that allowed for the formation of large open fractures adjacent to the

face of the scarp. These open fractures, however, existed at or near the ground
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surface and did not appear to penetrate more than a few feet below the lowest

adjacent ground surface.

- Studies of the Wasatch Fault Zone:

Atthough no historical records of surface faulting along the Wasatch fault
zone exist, important lessons can be learned from the detailed studies of prior fault
movement on distinct fault planes within the Wasatch fault zone. Research by
Swan, Schwartz and Cluff (1980) and McCalpin (1987) based primarily on
meticulous fault trench maps of sections of the Wasatch fault zone provided some
important findings regarding normal fault movements. McCalpin, for example,
analyzed 40 trench logs across normal faults,

The overwhelming number of secondary fractures occurred in the normal
fault's hanging wall. For example, at one location, the gravity graben structure in
the hanging wall contained approximately 100 individual fault planes within an 80
foot wide zone. The geologists believed that the majority of these fractures formed
during a single earthquake event. The main fault rupture usually steepened as it
approached the surface producing an open fracture, but sometimes the fault
rupture continuéd along the general trend of the faﬁlt at depth. The fault plane
typically increased in dip by 12° within 5 to 10 feet of the ground surface. The
findings from these two studies general agreed well with those made in the

previously reviewed fault rupture case histories.

<) Strike-Slip Faulting:

- The 1906 San Francisco earthquake: -

The April 18, 1906 San Francisco earthquake, with a magnitude of
approximately 8.3, was truly a great earthquake. It tore the earth surface over a
length of more than 250 miles. The right-lateral horizontal offset averaged 10 feet

along the fault trace, with maximum horizontal and vertical offsets of 21 feet and 3



feet, respectively. This well-documented earthquake event has often been used by
geologists and engineers to illustrate the character of strike-slip fault movements.
Some of the specifics from this case history have already been discussed in previous
sections, such as the reviews of Louderback (1937), of Sherard et al. (1974), and of
Dams Ruptured by the 1906 San Francisco Earthquake. Additional important
observations and general findings from the Lawson et al. (1908) landmark report of
the 1906 San Francisco earthquake will now be presented. This report and a
companion report by Reid (1910) provided a comprehensive study of the
earthquake fault movements.

There were variations in the surface expressions of the movements along
the San Andreas fault, but over the majority of its length the movements were
expressed at the surface as a small ridge of earth 3 to 10 feet wide. After walking
the northern part of the fault trace, Gilbert observed that the fault break was
generally a single line of rupture that remained within a few hundred feet of a
straight line connecting its extreme points (See Figure 3-22(A)). After examining a

15 mile section south of Mussel Rock, Anderson summarized,

The rupture may be traced along every foot of the way when not
below the waters of the lakes. It varies in width from 2 or 3 feet to
10 feet, but at times branches out into several furrows that include a
space of 100 feet or more in width . . . Sometimes it forms a crack 2
or 3 feet wide and several feet deep, and in other places shows a
vertical wall of soil on one side or the other, several feet high. The

ical occurrence in turf-covered fields is a long, straight, raised line
of blocks of sod broken loose and partly overturned.

Often, lateral cracks oriented diagonally to the trace of the main fault extended
away from or across the San Andreas fault trace (See Figure 3-22(B)). At one
location, these en echelon shear fractures formed every foot or so and extended

away from the main trace for a distance of 100 yards or more. Most cracks or

fractures were closed, but some were open a foot or more.
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(B) Diagonal cracks across fault trace

Figure 3-22: PHOTOGRAPHS OF THE SAN ANDREAS FAULT RUPTURE
{after Lawson et al., 1908)



Specific examples of the character of the surface faulting are presented in
Figure 3-23. Near Point Reyes, a 60 foot wide band of multiple fractures offset
wheel tracks on a road by 20 feet (See Figure 3-23(A)). Just a mile south of this
location, a clean single break of almost 16 feet in a sidewalk defined the active
trace of the San Andreas fault. At another location, 6 parallel fractures in a zone
270 feet wide accommodated the horizontal fault movement. Figure 3-23(B) shows
the distribution of deformation on one side of the fault near Fort Ross. The
deformation of an originally straight fence line, which was carefully surveyed in,
clearly shows the drag which occurs along the fault rupture plane. Finally, Banner
found a site where the San Andreas fault crossed a mountain road and the unpaved
road was "badly shattered by the earthquake". 345 cracks running in every
direction were counted within a 3 mile section of the road. Oakeshott (1973)
recognized this observation as evidence that great earthquakes may produce
secondary ground shattering in the bedrock adjacent to the fault.

Gilbert, in Lawson et al. (1908), categorized the various expressions' of the
San Andreas fault rupture as the ridge phase, the trench phase and the echelon
phase. The ridge phase and the echelon phase have been described in earlier
paragraphs. The trench phase described small subsidence zones above the fault
trace. The trench phase usually continued only for short distances. More
interestingly, Gilbert correlated the occurrence of these categories of surface
expressions of fault ruptures with local ground conditions. The echelon phase or
diagonal shear cracks occurred chiefly in wet alluvium or wet fine grained soils.
Anderson explained, "They appear to have been produced very much like the
fracture lines in compression tests of building stones.” The ridge phase or single
fracture seemed to be more likely to form where the fault cut through rock or stiff
earth materials. The trench phase resulted from surface material dropping into

voids which either existed before the faulting or were created during the faulting,
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Gilbert felt that horizontal movement on the bedrock fault plane which probably
had minor deviations in its dip and strike could produce small trenches or graben
structures. Hence, he suggested that geometric irregularities in the fault plane, not
local ground conditions, created the trench phase. In explaining the variations in
horizontal displacements measured on fences, roads, and other structures which

crossed the fault trace, Lawson claimed,

Auxiliary cracks, distributed over a zone not uncommonly a few
hundred feet wide, took up portions of the displacement; and these
auxiliary cracks doubtless escaped observation in many cases.
Indeed, owing to the yielding character of the superficial mantle of
soil and regolith, it is probable that many of these auxiliary cracks
did not appear as ruptures at the surface.

Finally, Reid (1910) offers an exceptionally perceptive insight regarding the

influence of surficial geology on the surface expression of the fault rupture:

In the general descriptions of the fault-trace it is shown that when
the rupture occurred there was a zone of varying width between the
shifting sides which did not partake of their simple movements, but
was more or less distorted by the shearing forces to which it was
subjected. The existence of this zone in alluvium or disintegrated
rock may be explained even though the fault were a sharply defined
crack in the underlying solid rock. Let us suppose that the straight
line AOC in the rock (See Figure 3-24) has been broken at the fault
and displaced into the two parts A'O’ and D'C'. If the alluvium were
brittle and with little plasticity, it might be broken and displaced in
the same way, but if it were plastic, as it would be if it were to some
extent composed of clay, a part of the displacement would be
accomplished by shearing distortion, and the offset at the fault-plane
would be less than that of the underlying rock. Close to the rock the
displacement of the alluvium would be very nearly the same as that
of the rock (lines 1 in the figure) at greater distances, however, the
distortion in the vertical plane would make itself felt; the offset
would be less, and the displacement would be distributed more like
the lines 2. The alluvium might be so thick or plastic that it would
suffer no break at the surface along the fault-line, the whole
displacement being distributed like line 3; this seems to be the
condition which produces the echelon phase of the fault-trace in very
wet alluvium, as described by Mr. Gilbert.
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Because of the magnitude of the earth movements during this event, the
Coast and Geodetic Survey re-established the triangulation over a large section of
the Northern California coast. The surveying of numerous known points
throughout the earthquake region brought forth "four laws governing the
distribution of the earth movements which occurred on April 18, 1906." In
summary, points on opposite sides of the fault moved approximately parallel to the
trace of the fault in opposite directions. Points equidistant away from the fault
displaced twice as much on the west side than on the east side. "The displacements
on each side of the fault were less, the greater the distance of the displaced points
from the fault." Furthermore, "In receding from the fault, either to the eastward or
to the westward, the displacement decreases more rapidly near the fault than it
does further from the fault". The nearest fixed points (i.e. control points that did
not move as a result of the 1906 San Francisco earthquake) were located 20 to 90

miles away from the trace of the San Andreas fault.

- The 1940 Imperial Valley earthquake:

This event was previously described in the review of the rupturing of the
All-American Canal. The magnitude 7.1 Imperial Valley Earthquake of 1940
produced a 40 mile long continuous surface rupture across a deep alluvial valley.
Vertical displacements or offsets along the surface rupture were relatively small
(i.e. O to 4 feet). On the other hand, the horizontal component of movement
generated offsets which varied from a few feet to a maximum of nearly 19 feet.
The differential movement occurred across a fairly narrow zone. At one location,
a post-earthquake survey found that a line which was originally perpendicular to
the trace of the north trending Imperial fault gradually deflected southward as it
approached the right-lateral offset from the east. At the fault the eastern segment

was offset 9 feet south of its original location. Immediately west of the fault, the
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western segment was 6 feet north of the original line. It gradually deflected until it
came into alignment with the original line. This gradual deflection of the line
could not be seen by the naked eye. Drag effects, which occurred within a 100 to
300 foot zone surrounding the main fault trace, could be readily observed. The
deflection of an originally straight line perpendicular to the fault due to local drag
effects was actually in the opposite sense of the global elastic rebound deflections
previously described. Fault drag bends the offset line back toward the fault trace
bringing the ends of the deflected line segments near the fault closer together.
Figure 3-25 shows the trace of the Imperial fault as it crossed a citrus grove and a
diagram illustrating the effects of fault drag. Richter (1958) noted that drag effects
were generally less evident in firmer terrain.

Bonilla (1970) made an interesting observation of the Imperial fault
movement which contradicted the idea that the amount of differential movement
across a fault should decrease as the fault propagated through deep loose earth
deposits. Logs of wells drilled in the vicinity of the Imperial fault suggested that
the soil deposits were thicker than 700 feet in this area. The soil profile indicated
layers of clay, loam, and sand, and showed that the groundwater level was only 6
feet below the ground surface. Yet, the faulting of 1940 produced a horizontal
surficial offset of more than 15 feet at the surface. Three factors may help explain
how this much movement propagated to the surface. First, it is entirely possible
that the movement at depth was larger than 15 feet. Second, the soil was
saturated, and hence, the soil deposit would deform rapidly at relatively constant
volume and be essentially incompressible initially. Third, prior movements on the
Imperial fault might have already developed a shear plane through the soil deposit
with only residual soil shear strengths acting upon it. Some combination of one or
more of these conditions could explain the amount of offset observed at the ground

surface.
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- The 1868 Hayward Fault earthquake:

The Hayward Earthquake of 1868 was not as well-documented as later
earthquake events. Still, review of the Hayward fault movement brought forth a
couple of important observations. The 1868 Hayward earthquake was probably a
magnitude 7% event, and produced approximately 30 miles of surface faulting. The
maximum probable strike-slip offset at the surface was around 3 feet.
Observations were made that the cracks that formed along the trace of the
Hayward fault opened and remained open to "very considerable” depths (Lawson
et al., 1908). These cracks were about a foot wide. Some observers reported that
the cracks extended down to bedrock. In fact, men attempted to sound the bottom
of one such crack, but they were unable to do so. Since, the Hayward fault ran
within the hill-slopes of the Oakland ‘Hills, it was conceivable that down-slope
gravity effects (e.g. landsliding) produced these large open fissures. Moreover, the
observers noted that water and sand were ejected from some of the cracks
suggesting ground failure due to liquefaction, not faulting. It would not be
prudent, however, to dismiss the possibility of cracks opening to reasonable depths
because of irregular fault geometry or movement.

Recent field investigations based on exploratory trenches excavated across
the Hayward fault provided these observations of this strike-slip fault. The
characteristics of the fault often varied along its length. For example, the width of
the fault zone varied from 10 to 78 feet along a length of just 800 feet. The
individual fault planes within the fault zone were very thin. These fault planes
were usually vertical, although they could flower in all directions or bend toward
one side near the surface. The strike of these fault planes changed slightly with
depth and also varied slightly along the fault trace. Only the most active fault

strands reached near the ground surface. Finally, although very small "gopher
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holes" were found in the fault zone near the ground surface, these voids did not

appear to occur at depth.

- The 1930 Idu, Japan earthquake:

The Idu, Japan earthquake of 1930 presented an excellent example of the
dissipation of fault movement as a fault rupture propagated toward the ground
surface. A tunnel at a depth of 500 feet was excavated through a geologic profile
of volcanic rock overlain by at least 130 feet of sandy clay lake deposits (Nasu,
1931). The strike-slip faulting of the 1930 Idu, Japan earthquake displaced the
tunnel 8 feet, but less than 3 feet of offset was measured at the ground surface
along the fault trace (Suyehino, 1932; Richter, 1958). Over S feet of horizontal
movement was apparently dissipated within the 500 feet of material above the
tunnel. The majority of the fault rupture was probably absorped in the top 130 feet

of sandy clay.

- The 1972 Managua, Nicaragua earthquake:

Niccum et al. (1976) described a unique observation of the interaction of a
rigid structure of finite size with the movement on a strike-slip fault which passed
beneath the structure. The 1972 Managua, Nicaragua earthquake formed a strike-
slip surface rupture with about 7 inches of differential movement across it. The
surface rupture was apparently deflected out of its normal alignment by a massive,
rigid concrete underground bank vault that appears to have been stronger than the

sand and gravel materials in which it was embedded.

- The 1966 Parkfield-Cholame, California earthquake:
The 1966 Parkfield-Cholame earthquake was interesting in three respects,
The three moderate earthquakes on the San Andreas fault during the period June

27, 1966 to June 29, 1966 were measured as Magnitude My = 5.1, My, = 5.5, and
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My = 5.0. It was surprising that these moderate earthquakes produced more than
23 miles of surface faulting. Figure 3-26 shows a segment of this surface faulting.
Note that in this alluvium valley the fault movement was expressed as a regular
series of en echelon fractures oriented approximately 45° to the strike of the
underlying fault plane. Near the USCGS and DWR strong motion station off of
Highway 41, the right lateral displacement across the fault was measured to be 1.8
inches 10 hours after the main shock. But on July 8, 1966, just 11 days later, the
differential movement across the fault was around 4 inches. Thirty-seven days
after the main shock this displacement reached 4.7 inches. It was not known if this
additional movement across the fault resulted from rapid post-earthquake fault
creep on the San Andreas fault below the valley soil deposits, or whether the
additional surface movement represented soil creep behavior of the valley's alluvial
deposits. In any case, these measurements suggested that time effects in certain

surface rupture events might be important.

323 Lessons to be Learned from Field Studies Regarding Fault Rupture =

Propagation:

The aforementioned field studies illustrate the complexity of the fault
rupture propagation phenomenon. A number of variables influence the fault
rupture process. Given the complexity of the fault rupture propagation
phenomenon, it is somewhat surprising that any reasonably consistent patterns of
behavior emerged during the review of the case histories, but such trends were
observed. Although exceptions to these general patterns of behavior may be
found, the preponderance of evidence justifies making a number of salient
observations regarding "trends" or typical patterns of behavior. Lessons to be
learned from fault rupture field studies regarding fault rupture propagation will be

presented under three general headings. They are: (a) movement of the bedrock
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and the soil-bedrock interface during faulting; (b) dissipation of movement as a
fault propagates through soil; and (c) path of fault rupture propagation through
soil. Moreover, the lessons learned under each of these three headings will be
further broken down into those applicable for each of the principal types of fault
movements - thrust, normal, and strike-slip faulting. Finally, for the most part,
diagrams will be used to illustrate the principal characteristics of the fault rupture
propagation phenomenon as described by the observations made of documented

case histories of surface fault rupturing.

(a) Movement of the Bedrock and the Soil-Bedrock Interface During
Faulting

The principal characteristics of the general behavior of the bedrock and the
soil-bedrock interface during faulting are shown in Figures 3-27, 3-28, and 3-29.
Down-warping of the upthrown block as it is forced over the downthrown block
during thrust faulting typically produces significant secondary deformation in the
bedrock of the upthrown block (see Figure 3-27). Movement on secondary faults
and opening of tension cracks occurs primarily in the highly disturbed upthrown
block. The downthrown block remains fairly intact. No observations were made of
the upthrown block peeling the soil up off the downthrown block as it thrust
forward, but this does not mean that this did not occur. Initially, the fault
propagates into the soil along the same orientation as the bedrock fault plane.

The bedrock behavior pattern is just the opposite during normal faulting
(See Figure 3-28). Here, the upthrown block typically remains relatively intact.
The majority of secondary deformation occurs in the downthrown block, although
there appears to be less distortion or breakage of the downthrown block during
normal faulting than of the upthrown block during thrust faulting. The formation

of a complex rupture pattern at the ground surface above the downthrown block
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results principally from the characteristics of fault propagation through alluvium,
not because the bedrock itself develops secondary fractures. Again, no
observations were made of the upthrown block lifting up the soil above the
downthrown block as the downthrown block dropped. Imitially, the fault plane
refracts slightly or remains at about the same orientation as the fault rupture
propagates through the soil above the bedrock.

Strike-slip faulting produces the least amount of subsidiary fault movement
and secondary deformation (See Figure 3-29). The rupture zone is often fairly
narrow. The bedrock adjacent to the fault is usually fairly undisturbed, although at
one location less competent rock was shattered on one side of the San Andreas
fault rupture during the 1906 San Francisco earthquake. No observations were
made of soil surrounding the bedrock fault loosening during strike-slip fault
movement. Usually the fault rupture continues its nearly vertical orientation as it
propagates into the soil. Any deviations from a vertical plane at the soil/rock

interface are minor.

(b) Dissipation of Movement as a Fault Propagates through Soil:

Differential movement across the fault rupture diminishes as the fault
propagates up toward the ground surface. This is true for thrust, normal, and
strike-slip faulting. It is true for fault rupture propagation through fractured rock
as well as alluvium. An 8 foot fault offset was absorbed in a 500 foot high fractured
rock cliff during the 1964 Alaskan earthquake. (The 8 foot baseline offset was
roughly 1.5% of the height of the overlying earth materials.) The White Wolf fault
offset a tunnel several feet in 1952, but formed only small mole-tracks at the
surface. The 1930 Idu, Japan earthquake created an 8 foot offset in a tunnel
located at a depth of 500 feet. Less than 3 feet of this differential movement

appeared at the surface. Various theories estimated that movement on major
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faults at depth during the 1959 Hebgen and 1983 Borah Peak earthquakes were
significantly greater than the offsets measured at the ground surface. Within one
region, the 1954 Dixie Valley-Fairview Peak earthquake produced a scarp 3 to 4
feet in height which was continhous, except for a quarter mile gap where the fault
disappeared under an alluvial fan composed of looser granular materials. These
observations strongly support the reasonable preconception that movement across
a fault should dissipate as the fault rupture propagates upward since the rupturing

of earth materials uses energy (i.e. most soils are somewhat compressible and soils

can deform to some degree before developing distinet rupture features).

(c¢) Path of Fault Rupture Propagation through Soil:

The principal characteristics of the general behavior of the fault rupture as
it propagates upward through soil are shown in Figures 3-30, 3-31 and 3-32. The
path of the fault rupture depends on a number of variables. Fault rupture
propagation within a nonhomogeneous earth mass with established planes of
weakness or rigid inclusions would deviate from the general patterns of behavior
described herein, as the fault would usually propagate along existing planes of
weakness. For instance, the fault traces exposed in the trenches excavated at Point
Conception, California predominantly follow the bedrock’s bedding planes. The
1972 Managua earthquake’s surface rupture defiected around a rigid structure
embedded in the more deformable soil deposit.

Besides existing planes of weakness or rigid inclusions, other critical
variables may influence the shape of the fault rupture's travel path through an
earth mass. Figures 3-30, 3-31, and 3-32 focus on only three of the more important
variables - the type of fault movement, the character of the overlying homogeneous
soil deposit, and the attitude of the fault plane. Some of the variables not taken

into account in these diagrams are the effects of a sloping ground surface, extreme
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variations in the depth of soil, irregularities in the movement across or along a
fault, irregularities in the orientation of the bedrock fault plane, and excessive
secondary movement in or distortion of the adjacent blocks of bedrock.

"Typical”" thrust fault travel paths are shown in Figure 3-30. Specific case
histories of surface faulting where such behavior was observed are noted. As was
discussed in the last section, bedrock fault offsets can be absorbed by deformable
mediums, and hence, there may be no clean break observed at the ground surface.
Diagram C illustrates this type of behavior. Observation of this type of behavior
during the 1964 Alaskan earthquake and 1971 San Fernando earthquake indicates
that the absorption of a bedrock fault offset is more likely to occur in compressible
organic soils, wet fine grained sediments, and loose granular fills. Diagrams A and
B illustrate how a fault rupture might propagate through stiffer earth materials
such as dense alluvium or weak sedimentary rocks. Initially, the fault rupture
continues along the projection of the bedrock fault plane. As geologic evidence of
block faulting in Wyoming and field observations of the 1945 Mikawa, Japan fault
movement suggest, the fault rupture gradually begins to bend over the downthrown
block. Near the surface this bending becomes more pronounced. The 1964
Alaskan earthquake faults on Montague Island, however, became steeper as they
approached the ground surface. This anomaly can be best explained by
remembering the extensive down-warping of the Alaskan earthquake's upthrown
blocks. This down-warping of the upthrown block near the fault offset mitigates
the effects of the kinematic constraints that would be imposed by a sharp offset in
two rigid blocks. Kinematic constraints require that a failure surface eventually
bends over the downthrown block to allow for the withdrawal of the upthrown
block. Figure 3-14 after Prucha et al. (1965) provides another possible
explanation. Regional tectonic compression could produce a bedrock thrust fault

which steepens as it rises.
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Observations made during the 1971 San Fernando earthquake, 1980 Algeria
earthquake, and the geoseismic investigation at Point Conception, California
indicate that shallow dip thrust faults tend to propagate along the bedrock fault
plane until near the surface (See Diagram B of Figure 3-30). Near the surface, the
fault gently bends over the downthrown block. This curvature of the fault rupture's
travel path may produce local extension zones, which may contain normal fault
movements, above the upthrown block. The normal faulting produced during 1980
Algeria earthguake is a good example of this phenomenon.

~ "Typical" normal fault travel paths are shown in Figure 3-31. Specific case
histories of surface faulting where such behavior was observed are noted. Similar
to thrust faults, normal faults may warp "ductile" soil deposits and not produce a
clean ground break with vertical movement across it (Diagram C of Figure 3-31).
At the point of maximum flexure in the warped zone, tension fissures like those
formed in the 1983 Borah Peak earthquake may develop. In stiffer materials
where a clean ground break develops, the fault plane is generally refracted at the
soil-bedrock interface and becomes steeper (Diagram A of Figure 3-31). The dip
increases even more near the surface and may become almost vertical. For
example, in the 1959 Hebgen earthquake and 1983 Borah Peak earthquake, an
extension of the fault plane near the surface draped over the downthrown block
and produced a local thrust fault at the surface. In cases where the bedrock fault is
more shallow, secondary breaks above the downthrown block can produce gravity
grabens similar to those shown in Diagram B of Figure 3-31. The refraction of the
fault plane at depth and the curvature of the fault plane near the surface can
combine to produce a local extension zone on the downthrown side of the primary
fault rupture. Open fissures and complex rupture patterns often develop in these
zones. Gravity often exaggerates vertical movements when the ground surface

slopes down toward the downthrown block. The earthquake surface rupture case
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histories provide a number of dramatic examples of gravity grabens exhibiting
these types of features.

"Typical" strike-slip fault travel paths are shown in Figure 3-32. Specific
case histories of surface faulting where such behavior was observed are noted. In
stiff earth materials a single nearly vertical rupture usually propagates from the
bedrock to the ground surface (Diagram A of Figure 3-32). Slight deviations in the
strike and dip of the bedrock fault plane and other irregularities can cause the fault
planes to move back and forth across the main fault trace. This, of course, will
produce a more complicated surface expression of the fault rupture. Moreover,
strike-élip faults exposed in exploratory excavations sometimes display a "flowering
effect” near the ground surface. This broadening of the zone of fault rupture is a
near surface effect and does not usually extend to significant depth. The width of
major fault zones like the San Andreas fault zone can be substantial. Movement
might be distributed over a multitude of individual fractures within the fault zone.
Of course, the resulting multiple fault planes will complicate the pattern of surface
faulting. Although the single rupture shown in Figure 3-32 exists quite often in
nature, exceptions to this simple rupture pattern should be expected as they are
quite common also.

Finally, Diagram B of Figure 3-32 iIlustrateS how a ductile earth material
may produce an en echelon surface expression of a bedrock strike-slip fault offset.
At the soil-bedrock interface, a "direct shear" mechanism ruptures the soil to
produce the usual vertical failure plane. At the surface, a "simple shear”
mechanism over a wider distorted zone of soil governs. Instead of developing a
failure surface because of kinematic constraints, a stress-induced failure pattern
emerges. It appears evident that if only minor horizontal displacements occur on
the bedrock fault plane, the offset will be absorped by the overlying deformable

earth mass in a zone of general or "simple" shearing deformation without any
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actual direct shear failure planes forming at the ground surface. In some cases, the
simple shear deformations of the overlying soils produces diagonally oriented
fissures or failure surfaces, and this was described by several investigators as "en

echelon” cracking or fissures.

3.3  Models of Fault Rupture Propagation

3.3.1 General:

The results from a number of physical and numerical model studies of fauit
rupture propagation are available in the literature. More than thirty years ago,
geologists employed sandbox tests to study the development of fault structures in
geologic media. More recently, geotechnical engineers have utilized 1 g small-
scale models and centrifuge models to study fault propagation through
cohesionless materials. Concurrently, geotechnical engineers and geologists have
employed analytical modelling techniques such as the Finite Element Method
(FEM) and the Finite Difference Method (FDM) to improve our understanding of
the fault rupture propagation phenomenon. The results from these model tests
and numerical analyses are summarized in Sections 3.3.2 and 3.3.3, respectively

and lessons to be learned regarding these studies are summarized in Section 3.3.4.

3.3.2 Physical Model Studies:

(a) Sanford (1959):

In his work "Analytical and Experimental Study of Simple Geologic
Structures", Sanford (1959) utilized elastic theory and sandbox model tests to study
the effects of various boundary deformations on a hypothetical 5 km thick layer of
sedimentary rock with average stiffness properties. He hoped to learn how large-
scale geologic structures were formed, especially discontinuities like faults.

Sanford's use of small-scale model experiments to validate his analytical method
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was of particular interest. Sanford tested four materials: (1) beach sand, (2) a
mixture of 85% beach sand and 15% clay, (3) coarse sand, and (4) fine sand. The
materials were compacted at water contents of about 1% and to dry densities of on
the order of 106 pef. Sanford used an experimental method developed by
Tschebotarioff (1952) to estimate the following Mohr-Coulomb strength
parameters for these materials: ¢ < 3 psfand¢ = 45° to 58° (varied with material
type). The height of the material in the sandbox ranged from 1 to 4 inches.

The results of the sandbox mode! tests are shown in Figure 3-33. Sanford
concluded that the observed displacement fields were largely the same for the
different materials. The horizontal displacements increased near the top of the
layer, and the vertical displacement was distributed more gradually across a wider
zone toward the upper boundary of the layer. Regarding the observed fracture
patterns of the slightly cohesive material 2, Sanford stated that tensile cracks at the
top and shear fractures at the bottom formed almost simultaneously. The shear
fractures eventually propagated to the surface bending over the downthrown block,
and normal faults formed in the tension zone at the surface. The curvature of the
shear fracture that propagated to the surface depended on the thickness of the
sand layer. As the thickness of the layer decreased, the fractures exhibited greater
curvature and a lower dip angle at the surface. The cohesionless materials (Types
1 and 4) did not develop tension cracks and the shear failures were not expressed
as sharp breaks, but as narrow shear zones. The curvature of the shear zones in
different materials was similar. The general path of the shear rupture is shown in
Figure 3-33(C). Finally, material 3 (which, unlike materials 1 and 4, was well-
sorted and well-rounded) did not appear to fracture. No explanation was provided

to explain this difference in behavior.
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(b) Belousov (1961):

Belousov (1961) reviewed the work performed by Soviet geologists who
employed small-scale models to approximate tectonic processes. To accurately
represent rock in these small-scale model experiments, soft materials such as clay
or syrup must be used. Because length and time were scaled down in the
laboratory experiments, it was necessary to scale down the rigidity of the material
used to model the rock. Specific details regarding the properties of the materials
used and the size of the models were not provided. One of the results presented,
however, was interesting because it illustrated how a soft clay responded to vertical
thrust and normal faults.

The pattern of faults that accompanied the block faulting is shown in Figure
3-34. In this experiment, a piston was moved intc or out of a box filled with a few
inches of "wet” clay. The reader was not informed if this "wet" clay was fully
saturated. Nevertheless, the results were informative. Unlike the sandbox tests
performed by Sanford (1959), the fault initially propagated over the upthrown
block. Belousov felt that these model tests agreed well with geologic fault patterns

observed in the field.

(c) Emmons (1969):

Emmons (1969) employed sandbox modeling to study the deformation and
rupture patterns created by strike-slip faulting. Emmons filled a box, which was
divided in half so one side could move with respect to the other side, with sand
vibrated into a dense state. 'fhe properties of the sand were not provided. The
depth of the sand within the box was typically 14 inches.

The results of his tests are shown in Figure 3-35. Multiple shear fractures
consistently developed. Originally, one nearly vertical failure surface formed.

Because the failure surface that developed was not planar, however, additional
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(B) Surface Patterns of Strike-Slip Rupturing in Sand

Figure 3-35: EMMON'S SANDBOX STRIKE-SLIP MODEL TEST RESULTS
(after Emmons, 1969)
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nonplanar failure surfaces emerged. Differential movement occurred across
distinct failure surfaces. Between these established failure planes the sand moved
as a fairly "rigid" block. As horizontal deformation of the base continued, these
blocks of sand moved vertically as well as horizontally. Hence, horsts and grabens
formed. Horizontal offsets measured at the surface were less than those induced at
the base of the model. After significant base deformation (i.e. the base has been
displaced an eighth to a half of the height of the sand) more complex surface
rupture patterns developed. The surface ruptures displayed recognizable geologic
features - notably fault drag and branch faulting. Finally, Emmons admitted that
these results must be viewed with caution. For instance, these experiments were
performed under very low confining pressures. Emmons reasoned that the failure
surfaces might be more planar, and hence, produce less flowering over the depth of

the sand, if larger models with higher confining stresses were used.

(d) Tchalenkeo (1970):

Tchalenko (1970) stated,

Most soils and rocks, when deformed in direct shear, develop narrow

shear zones within which the major disc,{)lacements take place . . .

Similarities between shear zones of different scales have been

recognized since the earliest days of structural geology and used in

model studies of tectonic processes.
Recognizing the similarities between shear zones of different magnitudes,
Tchalenko compared the formation of shear zone structures in the shear box test,
in the Riedel experiment, and in the ground above a strike-slip fault offset (See
Figure 3-36). The Riedel experiment consisted of shearing a 0.4 to 4 inch layer of

"plastic” clay by horizontally offsetting two adjoining boards. The Riedel shears

shown in Figure 3-36 are similar to the en echelon fractures preduced by strike-slip
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fault movements during earthquakes. The conjugate Riedel shears were not
observed unless the clay used was at low water contents,

In the Riedel experiment and in the direct shear test, the development of
shear fractures was essentially identical. Until some threshold amount of
movement occurred, the clay deformed in simple shear without any shear fractures.
Just before peak strength was reaéhed, Riedel shears formed. As the deformation
continued, these shears were progressively reoriented toward alignment with the
direction of movement. When the residual strength was reached, nearly all of the
displécement took place along a single principal shear aligned with the direction of
movement. Although the sequence of the formation of the shear fractures within a
strike-slip fault zone could not be observed, the final shear structures in the direct
shear test, the Riedel experiment, and the strike-slip fault zone were very similar,
as shown in the photographs of each presented in Figure 3-37. Accordingly,
Tchalenko concluded,

The similarities in structure were interpreted as indicating

similarities in the deformation mechanism. At the peak stage, the

mechanism is essentially of the simple shear type, at the post-peak

stage it is governed by the kinematic restraints inherent in the strain

field, and at the residual stage it is of the direct shear type.

Tchalenko made another important observation. He found that the Mohr-
Coulomb failure criterion satisfactorily predicted the peak stage structures. The
Mohr-Coulomb failure criterion predicted that the failure surfaces would be
oriented at an angle of 8 = 45° - ¢'/2 to the major principal stress. Using a value
of ¢' of about 23 for the kaolin clay used in the direct shear tests anﬁ Riedel
experiments and a value of ¢’ between 35 and 40° for the earth materials above
the Dasht-e-Bayaz earthquake fault, Tchalenko found that the orientation of the
Riedel shears observed in the lab and in the field agreed well with those predicted

by the Mohr-Coulomb failure criterion.
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Figure 3-37: SHEAR ZONES OF DIFFERENT MAGNITUDES (after
Tchalenko, 1970)
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(e) Duncan and Lefebvre (1973):

In this work, Duncan and Lefebvre (1973) presented the results from a
series of strike-slip fault movement model tests performed by the Bechtel
Corporation. The objective of the model testing program was to observe how a soil
deposit which had a rigid inclusion embedded in the top of it responded to a strike-
slip bedrock fault movement below the rigid inclusion. No specific details of the
modeling material were provided. This test was similar to a Riedel experiment,
except that a rigid inclusion was partially embedded in the soft clay material.
Figure 3-38 shows how the surface fault rupture diverted around the embedded
structure, with separate fault branches passing on opposite sides of the structure.
The diagram accompanying the photograph illustrated the earth pressures that
developed on the structure in response to the fault offset in the strike-slip bedrock
fault below. The active and passive pressure zones were oriented approximately
45° to the free field strike of the surface fault rupture. The passive earth pressure
zone could be identified by the rising of the ground surface against the structure,
whereas the active earth pressure zone could be identified by the dropping of
ground surface against the structure. If the structure was designed to resist these

earth loads, it would remain intact and not be damaged by the fault offset below.

(f) Friedman et al. (1976):

As discussed, geologists have used weaker materials like sand or clay in
small-scale models to simulate stronger rock materials in the field. Friedman et al.
(1976), however, studied the development of shear rupture propagation through
sandstone, limestone, and rock salt under high confining pressures (up tc 4 x 106
psf). They hoped to avoid many of the pitfalls of small-scale model testing.
Samples were approximately 0.4 inches high and the base rock thrust fault was

oriented between 30° and 90-.
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Results from microscopic studies of the tested samples at incremental levels
of displacement are shown in Figure 3-39. The fault rupture propagated to reach
the surface of the sample when the base deformation was about 15% to 20% of the
sample height. For all orientations of the base rock thrust fault, the continuation
of the thrust fault bent over the downthrown block with its dip decreasing as it rose
toward the top of the sample. Additional fracturing occurred where the change in
dip was largest. At large displacements, normal faults formed in an extension zone
above the upthrown block. Once the reverse fault was established, deformation in
the downthrown block ended. Finally, Friedman and his colleagues observed the
formation of microfractures before the development of macroscopic shear
fractures. They concluded that these microfractures, which were oriented normal
to the minor principal stress, were probably extension fractures. Thus, at the

microscopic scale, the deformed rock material actually initially failed in tension.

(g) Horsfield (1977):

Horsfield (1977) performed a series of sandbox model tests to provide
insights into the formation of normal fault structures in the North Sea. He hoped
to establish a geometrical relationship between basement rock faulting and
overburden faulting. The basement faults could have controlled the location and
the geometry of the overburden faults which now exist in the oil bearing sediments
of the North Sea. The soft sea sediments were modeled using dry, uniformly
graded sand compacted to medium density (e = 0.67) in a sandbox. After working
through the scaling relationships presented by Hubbert (1937), Horsfield
concluded, "Hence, proper scaling requires the cohesive strength to be scaled down
by the same factor as stresses and lengths.” With a length reduction of 1 x 10410 1
X 10'5, the prototype material which had a cohesive strength of on the order of

100,000 psf would have to be modeled using a material which had a cohesive
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strength of on the order of 5 psf. Since the required model strength value was so
low, Horsfield hypothesized that it was reasonable to use a dry cohesionless
material to represent the sea sediments.

Representative sandbox model test results are shown in Figure 3-40. Two
stages of fault development were observed. Initially, "precurser” faults which
overlay and were concave towards the downthrown block formed. These
"precurser” faults could actually produce a thrust fault at the surface. Later, more
planar normal faults were formed. Movement on low-angle basement faults (30° -
60° ) produced antithetic as well as synthetic normal faults creating a graben.
Horsfield noted that in some of the experiments the fault intersection with the free
surface was slightly bowed. This indicated that the sidewalls of the sandbox
restrained sand movement to some degree. Nevertheless, Horsfield concluded that
the later stages of the experimental faulting were representative of geologic fault
structures observed in the field. On the other hand, this writer observed that the
"precurser” faults appeared to represent the development of the thrust mole-tracks

observed in the 1959 Hebgen and 1983 Borah Peak earthquakes.

(h) Roth, Scott, and Austin (1981):

In conjunction with the geoseismic investigation for a critical facility near
Point Conception, California, a series of centrifuge model tests were performed to
validate the numerical model used in subsequent fault propagation analyses. The
centrifuge testing was fully described in a report prepared by the geotechnical
consulting firm of Dames & Moore (1980). In this article, Roth, Scott and Austin
(1981) presented a summary of the results from these centrifuge tests. The goal of
the research program was to better understand the behavior of alluvial deposits
subjected to bedrock fault movements. Because of the difficulties involved in

developing a | g small-scale model material which truly represented the prototype
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mate;ial, these researchers turned to centrifuge modeling. If the prototype soil was
used in the model tests, the scaling laws required that the soil model be subjected
to a higher gravitational force than the prototype. The centrifuge, which could
produce accelerations of up to 150 g's, could be employed to create the high
gravitational field required for proper modeling. The authors, however, noted one
significant drawback. The relative contributions of frictional strength and cohesive
strength to a soil's behavior depended on the acceleration field. At high
accelerations, the behavior of a cohesive soil would be dominated by the frictional
component, whereas at 1 g, the gpposite would be true.

- Except for one test, the centrifuge model tests were conducted at 50 g's. At
this level of acceleration, a prototype scil depth of 30 feet with a vertical bedrock
offset of 4 feet was modeled. Because of the excessive weight of the soil at 50 g's,
the 45° thrust fault had to be modeled by dropping the downthrown block. Two
testing speeds were employed, fast (= 0.01 sec) and slow (= § sec), to investigate
the effects of inertia on faulting patterns. Loose sand (vg = 88 pcf), dense sand
(vg = 107 pef) and the remolded fine sandy silt site material (¢ = 32°, ¢ = 1000
psf) were tested.

Some of the results from these tests are shown in Figure 3-41. All the sand
tests showed the fault decreasing in dip as it approached the surface. The failure
plane was more distinet, however, in the dense sand than in the loose sand.
Moreover, the dense sand ruptured at a more shallow dip than the loose sand.
Overall, slow displacements in both sand samples produced more distinct offsets
and shallower ruptures than fast displacements, and the ruptures propagated to the
surface at smaller basal offset or displacement.

The cohesive material behaved differently. In the 50 g's tests, more warping
occurred across the shear zone before a sharp discontinuity formed, and a

secondary shear plane formed at a shallow angle. Because of the inability of the
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centrifuge test to accurately model the relative contributions of the cohesive soil's
frictional and cohesive components of strength at high accelerations, a 10 g's test
was conducted with the site material. Now, only 4 feet of soil depth was modeled.
At this scale, with the cohesive component of strength dominating, the failure
pattern was very different. Both a very shallow shear rupture and a nearly vertical
tension fissure developed. In summary, the centrifuge testing program highlighted
the importance of the soil properties in determining the failure pattern that

developed in a soil deposit overlying a bedrock fault.

(i) Walters and Thomas (1982):

Using an experimental set-up similar to that employed by Horsfield (1977),
Walters and Thomas (1982) studied the development of shear zones in granular
materials above a vertical thrust basement fault. Their test used a uniformly
graded sand with a sorted grain size distribution between 0.3 - 0.6 mm. The height
of the sand layer was approximately 8 inches. The density of the sand was not
given. One of the test results is shown in Figure 3-42. Small displacements of the
uplifted basement block produced a shear rupture confined to the lower part of the
sand layer. Additional movement of the center block propagated the shear zone to
the surface of the sand layer. The failure surface bent over the downthrown block
decreasing in dip as it approached the top of the sand. Further movement created
a second, more nearly vertical shear zone where most of the subsequent

differential displacement within the sand sample occurred.

(j) Lade and Cole (1984):

ILade and Cole completed a comprehensive 1 g sandbox model testing
program to learn how bedrock fault r;.lptures propagated through overlying
deposits of alluvium (Lade and Cole, 1984; Lade et al., 1984). Knowing the travel

path of a fault rupture as it rises to the surface in an alluvial deposit can be
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important in siting critical facilities. Their study concentrated on understanding
“the mechanics of deformation and failure in dry cohesionless material above a
fault as it relates to soil mechanics." The static behavior of the dry cohesionless
soil was studied without regard to the dynamic and time-related effects
accompanying an earthquake event. One of the major goals of the testing program
was to decide if stress characteristics as described by the plane strain angle of
internal friction (¢>ps) or kinematic characteristics as described by the plane strain
angle of dilation (vps) determined the shape of the failure surfaces developed in
the alluvium above the bedrock faults. Hence, tests were performed on two
contrasting cohesionless materials - a dense uniform course sand (@ps = 58°, vps
= 30°) and a mixture of the sand and 1.0 mm diameter styrofoam beads (pps =
30°, vps = 6° ). The sand layer was around 16 inches high. The tests modeled dip-
slip fault movements at several orientations.

Figure 3-43 provides an illustration of the fault rupture propagation process
during the conduct of one of the tests. Note that the thrust fault rupture
propagation reached the surface at a vertical base deformation between 0.4 to 0.8
inches or 2% to 4% of the/height of the dense sand layer. Normal faults
propagated to the surface of the dense sand, however, at vertical base
deformations of 1% to 3% of the height of the sand layer. "Larger vertical
movements were required to develop failure surfaces in the more compressible,
loose sand." Additionally, the failure surfaces in the loose sand were not often
discernable. Figure 3-44 illustrates two more important points. Initially, the soil in
the shear zone warped to accommodate the bedrock fault offset. When the failure
surface was fully developed, however, the warped zone rebounded and nearly all of
the differential movement occurred across the shear rupture. Furthermore, once
the ground surface was broken, the ratio of the additional (incremental) local scarp

height to the additional (incremental) vertical bedrock movement was essentially
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constant. Hence, warping of the surface of the sand layer comtinued to
accommodate part of the base movement.

A summary of the test results and a proposed relationship to be used to
predict the location of surface ruptures in alluvium over dip-slip bedrock faults are
presented in Figure 3-45. All of the failure surfaces bent over toward the side of
the downthrown block. Normal faults refracted at the soil-bedrock interface. The
slight difference in the shape of the failure surfaces formed by the 90° thrust and
normal fault offsets indicated that the effects of friction along the side wall of the
sandbox were minor.

The experimental results formed the basis for a theoretical model which
could predict the shape of the failure surface formed by bedrock faults. A log
spiral expression with the input parameters: fault dip angle, height of the soil, and
angle of dilation of the soil, described the observed failure surfaces. This
relationship could be used to calculate the horizontal distance from the surface
rupture to a point on the surface vertically above the point where the bedrock fault
intersected the soil-bedrock interface. Figure 3-45(B) could be used to predict
where a fault rupture produced by a bedrock fault broke the ground surface. The
only soil property required in this calculation was the angle of dilation. Lade and
Cole concluded that the soil's kinematic characteristics as described by the angle of
dilation of the soil determined the shape of the failure surface as it propagated
upwards through the soil.

Finally, Lade and Cole evaluated the applicability of these lab results to
field cases. For the three case studies presented, their experimental results agreed
reasonably well with the observations made in the field. Again, the angle of
dilation was the only soil parameter that their theoretical model required. If the
material's angle of dilation was properly re-evaluated at the confining stresses

which existed in the field, Lade and Cole felt that the results from these
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experiments performed at low confining stresses were applicable to field
conditions. Furthermore, since the alluvium's strength i)arameters were apparently
unimportant, Lade and Cole hypothesized that these results may be applicable to
cohesive materials. They did warn, however, that if the deposit was shallow and
the soil was relatively strong in cohesion, the soil layer may behave as a beam and
fail in tension. Of course, anisotropic soil properties might affect the location of
the surface rupture, and the researchers surmised that a dip-slip fault movement
with a strike-slip component passing through "typical” soils in the field might form a

failure surface located more centrally above the bedrock fault.

3.3.3 Numerical Model Studies:

(a) Duncan and Lefebvre (1973):

In conjunction with the model testing described previously in Section
3.3.2(¢), Duncan and Lefebvre (1973) employed the finite element method (FEM)
to predict the magnitude of earth pressures on a full size structure that straddled a
strike-slip fault offset. Both plane stress analyses of horizontal planes through the
soil deposits and the embedded structure, and plane strain analyses of a vertical
plane along the strike of the strike-slip bedrock fault were performed. No slip was
allowed at the soil-structure interface and the initial coefficient of at rest earth
pressure was assumed to be 0.5. The cylindrical structure was 180 feet in diameter
and was embedded 80 feet into a 200 foot thick deposit of loose or dense sand. The
loose and dense sand materials were modeled by the incremental, nonlinear, stress
dependent hyperbolic soil behavior model proposed by Duncan and Chang (1970).

Representative results from the FEM analyses are presented in Figure 3-46.
For the plane strain analysis of the loose sand case, the increase in the passive
earth pressure against the structure with depth as displacement along the fault

increased is shown in Figure 3-46(A). For a plane stress analysis of the loose sand
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case, the variation of the distribution of earth pressures against the structure as the
fault movement progressed is shown in Figure 3-46(B). ‘Notice the development of
the passive earth pressure zone and active earth pressure zone at orientations of
approximately 45° to the direction of fault movement. The results from the plane
strain and plane stress analyses agreed within about 30% and compared favorably
with the results of the mode! tests described in Section 3.3.2(e). As expected, the
maximum earth pressures against the embedded structure were considerably
higher for the stiffer, stronger dense sand case. Most importantly, these studies
showed that a proper finite element analysis employing a soil constitutive law
which correctly modeled the nonlinear, stress dependent stress-strain and
volumetric strain behavior of the soil could be successfully applied to this class of

problem.

(b) Scott and Schoustra (1974):

In siting a nuclear power plant in a deep alluvial valley, the researchers
were asked what magnitude of bedrock fault movement would be necessary to
produce a surface rupture at the ground surface. Scott and Schoustra (1974)
employed the finite element method to answer this question. They analyzed a two-
dimensional (2-D) plane strain vertical section through alluvium overlying a
vertical dip-slip bedrock fault. The boundary displacement imposed, the soil
parameters used, and the finite element mesh with yield zones developed at
various levels of base fault offset are shown in Figure 3-47. These FEM analyses
employed a linear elastic-perfectly plastic constitutive law which used the modified
Von Mises yield criterion to model soil behavior. The presence of water was not
considered in the analyses. It took approximately 50 meters of vertical differential
offset across the bedrock fault to cause the failure zone in the alluvium to

propagate up to the surface. This was roughly 6% of the height of the alluvial
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deposit. The results, however, showed the failure zone in the alluvium bending
over the upthrown block as the bedrock fault displaced vertically. In contrast,
results from applicable physical model tests discussed in Section 3.3.2 indicated
that the surface rupture bent over the downthrown block. Furthermore, Scott and
Schoustra realized that in reality the broad failure zone developed in the FEM
analyses represented a thin failure surface. The authors felt the results from the
FEM analyses, however, justified their conclusion that "Fault displacement in
bedrock beneath a deep alluvium must be of considerable magnitude relative to

the soil depth in order to cause yielding of the soil at ground surface.”

(c) Reddy et al. (1982):

Roth, Stein and Wickham (1982) adopted a novel approach in their study of
the application of the finite element method to modeling geologic phenomena such
as folding and faulting. Whereas previous studies had employed the equations of
elasticity, these researchers applied a penalty-finite element model based on the
assumption that rocks behaved as viscous incompressible Newtonian fluids. Their
two-dimensional multilayered FEM model of a generalized stratigraphic section of
the Paleozoic and Mesozoic strata of the Wyoming Province was 25 km long and
5.5 km high. The rock properties varied over the section and ranged from
viscosities between 1.6 x 1020 and 7.5 x 1020 poises with the one exception of 3.2 x
1022 poises, and densities between 2.20 and 2.60 g/cm3. Once failure as defined
by the Mohr-Coulomb failure criterion occurred, the viscosity of these elements
was reduced by a factor of 100. The problem was solved iteratively for each small
increment of time.

The results from the FEM analyses are shown in Figure 3-48. The bottom
and third layers represented brittle rock so fracturing extended laterally along

these layers. Another simplified analysis of a homogeneous rock mass did not
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display this lateral spreading of fracturing. Otherwise, the results from these
analyses were similar. Note that the rupture zone propagated up over the
downthrown block and that a small extension zone formed at the ground surface
over the upthrown block. Roughly 1700 meters of bedrock offset was necessary to
propagate the failure up to the surface. This represented a base displacement of
nearly 31% of the height of the rock mass. Finally, the authors remarked that the
numerical model results could help explain the geologic structures observed in the

field by Prucha et al. (1965) (See Section 3.2.2(a)).

(d) Roth et al. (1982):

In this article, Roth et al. (1982) summarized the results of the numerical
analyses performed in conjunction with the centrifuge model tests and geoseismic
investigation from the Dames & Moore (1980) site evaluation study of the
proposed Liquefied Natural Gas facilities near Point Conception, California (See
Sections 3.2.2(a) and 3.3.2(h)). The researchers employed a version of the finite
difference computer code SAGE (Geognesis, 1980; Cundall, 1976). The code
utilized an explicit finite difference formulation in a Lagrangian frame of
reference. An incremental solution technique allowed for the proper handling of
large strains, nonlinearities and hysteresis effects. Within each increment, imposed
boundary velocities were used to estimate strains which, in turn, were used to
calculate stresses. These estimates of stresses were used to update velocities within
the region. This sequence was repeated until convergence was obtained. In this
study, the soil was modeled as a "no-tension, elasto-plastic material with a Drucker-
Prager yield surface determined by a bi-linear Mohr-Coulomb failure envelope,
and nonassociated flow rule.”

The numerical method was first applied to the centrifuge model tests

described in Section 3.3.2(h) to validate its legitimacy. Results were presented in
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the form of deformed meshes as shown in Figure 3-49. These results should be
compared to the centrifuge model test results shown in Figure 3-41. The authors
found the agreement between the numerical results and centrifuge test results
"encouraging”. The FDM analyses indicated that the shear zones were narrower
and flatter in the dense sand and in the case of slow failure conditions. The same
behaviors were exhibited in the centrifuge model tests. This writer, however, finds
it difficult to identify differences in the deformed meshes presented in the study.
For example, how is the width of the shear zone defined? Are there differences in
the width of the shear zo;1es in the results presented? The numerical model did,
however, indicate that increasing the angle of dilation of the soil flattened the
trajectory of the fault rupture. Additionally, the analyses of the cohesive remolded
sandy silt material did indicate tension development and a sharper curvature of the
ground surface. Similar patterns of behavior were observed in the centrifuge
model tests of the field material.

Finally, these numerical methods were employed to analyze the
development of the shear fractures exposed in the exploratory trench shown in
Figure 3-11. From these analyses, the authors concluded that strength parameters,
not elastic parameters, were important. The results were sensitive to the no-
tension criterion established. Although the authbrs concluded that numerical
results (which showed a shear zone that increased in dip towards the surface)
represented the general trends of the fault exposure, this writer disagrees that the
complex fault morphology shown in Figure 3-11 (with its longest shear fracture
actually decreasing in dip as it approached the surface) can be characterized as a

broad shear zone that increased in dip as it approached the ground surface.



155

FREE SURFACE

FIXED IN n AND y ."
MOVING UNDER—_/|D-178m
: y PRESCRIDED
0303 — VELOCITIES IN
:I-LSE eoTroM |11 FAULT PLANE 1 ANDY
\)( \.
n as®°
M 0-178m M o-308m : L
——t -+ =+

(A) Centrifuge Test Boundary Conditions

L
T
] ™ =
I ¥ 1 ] —
% = H
YT
PR T asm -
Fast Offsey 22ttt Slow Offset 20

(B) Loose Ottawa #30 Sand (74 = 88 pcf & Dilationa = 0°)

-
Slow Offset ““————— Slow Offset . e
(C) Dense Ottawa #30 Sand (D) Dense Ottawa #30 Sand
(rg = 107 pef & Dilationa = 0°) (vd = 107 pef & Dilationa = 10°)
Ly
Fast Offset <o :

« Denotes Tension Failure
(E) Remolded Fine Sandy Silt (¢ = 32°, ¢ = 1000 psf & Dilationa = 5°)

Figure 3-49;: FINITE DIFFERENCE METHOD RESULTS. MODELING OF
THE CENTRIFUGE TESTS DESCRIBED IN SECTION 2.5.2(H)

(after Roth et al,, 1982)



156

(e) Walters and Thomas (1982):

As discussed in Section 3.3.2(i), Walters and Thomas (1982) studied the
development of shear zones in granular materials by performing sandbox model
experiments. The primary objective of their study, howevef, was to validate the use
of a sophisticated numerical mode! which could analyze the shear rupture
propagation phenomenon in greater detail. The finite element method utilized an
incremental elasto-plastic constitutive law with a Drucker-Prager yield criterion.
Variable nonassociated post yield flow behavior with frictional strain softening was
incorporated into the soil model. If an associated flow rule was used with the
Drucker Prager or Mohr-Coulumb yield criterion, the dilatancy rate would always
be positive, and continued shearing past failure would produce an ever increasing
dilation. Laboratory tests on granular materials have shown that past peak
strength the dilation rate actually decreases.

The right half of an 8-inch high by 39-inch long region of the sandbox shown
in Figure 3-42 was modeled using 180 eight-node isoparametric plane strain
elements. Results from analyses first employing an associated flow rule and then
employing a variable nonassociated flow rule are shown in Figure 3-50. Both
analyses modeled the development of the first shear zone properly. The first shear
zone propagated to the surface, however, at a base uplift of only 6 x 10*# inches or
less than 0.008% of the height of the sand layer; whereas in the sandbox
experiments, the first shear zone propagated to the surface at a base uplift of at
least 0.1 inches, or at least 1.25% of the height of the sand layer. Only the analyses
utilizing the variable nonassociated flow rule could correctly model the subsequent
development of the final vertical shear zone. In the analyses performed using the
variable and nonassociative flow rule, there was a general reduction in the mean
stress after the first shear zone developed which reoriented some of the stress

trajectories allowing for the progressive development of steeper shear zones with
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continued base uplift. The displacement contours identified a fairly narrow shear
zone indicating that the ability to mode! strain softening was critical in the
localization of the failure zone. One final note: a similar analysis (except that the
coefficient of at rest earth pressure was assumed to be 0.7 instead of 1.0) indicated
that, even with this sophisticated soil model, a change in just one critical soil

parameter could produce significantly different results.

(f) Scott (1987):

In the twenty-seventh Rankine Lecture, Scott (1987) presented an
enlightening discussion of "Failure”. One of his points of discussion was fault
propagation, and in particular, numerical modeling of fault propagation. Scott
compared the results from the analyses performed by Scott and Schoustra (1974)
and Roth et al. (1982) (See Sections 3.3.3(b) and (d), respectively). Regarding his
work with Schoustra,‘ Scott now commented, "A disturbing feature of these analyses
of the fault problem was that the failure region did not propagate in the correct

7"

way." Instead, the slip-line should have bent over the downthrown block as
demonstrated in anchor pull-out model tests. Scott wondered if the use of a more
"complex and descriptive constitutive model for the soil" would have improved the
FEM results. In contrast, analyses performed using the finite difference method,
but employing a nonlinear soil model, produced numerical results that exhibited "a
reasonable match to the experimental results.”

In his Rankine Lecture, Scott noted a project where a fault in a deep
alluvial valley was detected by seismic profiling. The fault rupture did not offset
the near surface deposits. Instead, it showed a gradually decreasing offset until it
died out several hundred feet short of the ground surface. One could have

interpreted this to mean that the fault was older than the undisturbed deposits

above it, and hence, the fault was inactive. On the other hand, the bedrock fault
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could have displaced an amount insufficient to produce a surface rupture. In this
case, the fault may have been active and a larger fault offset in the future could
propagate the slip-line all the way to the ground surface. Scott asked, ". .. how
much displacement would be required at bedrock to cause rupture just to reach the
surface of the soil of a specified depth?" His 1974 paper had attempted to answer
this question.

Scott identified a number of limitations of the finite element method in the
analysis of failure. The propagation of failed elements depended on the shape,
type, and arrangement of the elements employed. Results were only as accurate as
the soil's constitutive model, and none of the models currently used incorporated
all of the important aspects of the behavior of soil. When an attempt was made to
do so, the constitutive models became incredibly complex. Scott offered two
alternatives to the finite element method. Cundall’s discrete element program,
UDEQC2, circumvented the need to model a granular material as a continuum, and
thus eliminated the need for sophisticated soil constitutive models (Cundall, 1976).
Interparticle forces and kinematic constraints controlled the solution. Because of
the number of particles required, the computer solution time, however, was
prohibitive. Another possibility was the finite difference method with dynamic
relaxation (similar to the FDM technique described in Section 3.3.3(d)). Within
each load step, newly appled forces induced accelerations which through double
integration produced displacements, and hence, strains. At this point, any
unstable, nonlinear constitutive law could be employed to calculate stresses. From
stresses, forces were calculated. The pattern continued until convergence was
obtained. In work performed by Scott's doctoral student Burridge (1987), this
FDM technique was employed to analyze the development of slip-lines in slope
stability problems. Although the deformed meshes and displacement contour plots

indicated the correct general patterns of development of the failure surfaces, often
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two or more times the gravitational force applied in centrifuge tests had to be
applied to the numerical models of these tests to initiate failure. Additional work

was thus required to refine this numerical method.

334 Lessons to be Learned from Physical and Numerical Modeling of Fault

Rupture Propagation:

Comparing the results of the physical model tests with the numerical model
tests and with the fault rupture case histories presented on Section 3.2, one sees a
number of similarities. In fact, finding agreement in a few critical points in such a
diverse group of model tests should provide some level of confidence in the lessons
learned from these tests. The principal lessons to be learned from the review of
the physical and numerical model tests which examined the fault rupture
propagation phenomenon are presented herein.

Lade and Cole (1984) provide the most complete picture of the fault
rupture propagation problem. Their results agree well with the results from other
model tests and field studies, and their Figure 3-45(A) thus appears to summarize
the characteristics of the failure patterns that develop in dry alluvium above dip-
slip bedrock faults. Regarding strike-slip fault movements, Tchalenko (1970)
presented the clearest picture of the behavior of soil above these fault movements,
In summary, dip-slip faults tend to bend over the downthrown block. Normal faults
refract at the soil-bedrock contact. Additionally, low-angle normal faults usually
produce graben structures. Thrust faults tend to propagate along the orientation of
the bedrock fault, but they do usually decrease in dip as they approach the ground
surface. The continuations of strike-slip fau\lts are nearly vertical as they propagate
‘upwards through overlying soils, though flowering may occur near the ground
surface. In ductile materials the direct shear offset at the base of the deposit can

be transformed into a distorted zone of simple shear which produces en echelon
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cracks. Shear zones at different scales (e.g. shear test and earthquake faulting)
possess similar characteristics. Individual shear planes are usually narrow,
although, loose, more compressible materials may accommodate distinct bedrock
offsets by broad warped zones.

It is important to characterize the soil properly in model tests. Researchers
disagree as to whether strength parameters (e.g. friction angle and cohesion) or
kinematic parameters (e.g. angle of dilation) determine soil behavior during fault
rupture propagation through soils. There is no reason why both cannot be
considered important. The results of different model tests appear to support this
reasoning. Both strength parameters and kinematic parameters have been
employed by researchers to successfully predict the location and expression of the
rupture zone as it propagates upwards through overlying soils.

Soil characteristics are instrumental in determining how much base
deformation or offset is required to propagate a shear zone from the base of the
soil to the ground surface. In model tests employing dry sand, base deformations
of on the order of 1% to 15% of the height of the overlying soil deposit are
required to propagate a base shear rupture to the ground surface. Loose, more
compressible materials require more base deformation, while dense, less
compressible materials require less base deformation. Normal fault ruptures
propagate faster (i.e. require less base offset to propagate to the ground surface)
than thrust fault ruptures, which in turn propagate faster than strike-slip fault
ruptures.

Physical model tests were performed at low confining stresses using
relatively weak materials, except for the experiments conducted by Friedman et al.
(1976). The results from their work using rocks under high confining pressures,
however, were remarkably similar to the results published for the other physical

model tests. None of the physical model tests dealt directly with the issue of dip-
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slip base fault rupture propagation through saturated clay. Similarly, none of these
tests modeled saturated sand sheared under undrained conditions.

Finally, numerical modeling of the fault rupture propagation phenomenon
can be successful provided that the soil's nonlinear stress-strain behavior is
properly or at least adequately modeled. Linear elastic-perfectly plastic
constitutive laws, however, produce inconsistent results when employed in the
finite element method. Although based on continuum mechanics, the finite
element method can model the development of the shear and tension zones in the
soil overlying a base rock fault offset. It is difficult to localize shear failure within
narrow zones and it is even more difficult to ensure that secondary shear zones are
modeled correctly. The results from the reviewed finite element analyses indicated
that the coefficient of at rest earth pressure was possibly a critical soil parameter.
The discrete element method, and to lesser extent, the finite difference method
with dynamic relaxation, look very promising, but refinements are necessary before

these techniques can be routinely applied to this class of problem.

3.4 Summary and Findings

This chapter has presented a comprehensive review of previous studies of
the propagation of fault ruptures through earth materials. The general
observations by a number of geologists and seismologists regarding earthquakes
and the fault rupture propagation phenomenon have been presented. Moreover,
eighteen indicative fault rupture propagation field studies were reviewed and
evaluated. In addition, ten physical model studies and six numerical model studies
of the fault rupture propagation phenomenon have been examined, and lessons to
be learned from these studies have been summarized. The field studies and model

studies of fault rupture propagation brought forth a number of salient observations.
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Foremost, the fault rupture propagation phenomenon is rather complex. A
number of variables influence the fault rupture process. Given the complexity of
the fault rupture propagation phenomenon, it is surprising that consistent patterns
of behavior emerged during the review of the field studies and the physical and
numerical model studies. Although exceptions to these general patterns of
behavior may be found, the preponderance of evidence justifies making
generalized observations regarding "typical” patterns of behavior.

Depending primarily on the magnitude of the earthquake and the type of
fault movement, the maximum surface offset from known earthquake events
ranged from less than an inch to at most around 35 feet. Because the average
surface fault offset was only 50% of the maximum offset along the fault and since
dams would not typically be sited across major faults, the dam engineer (in most
cases) would have to incorporate »defensive design features that would
accommodate anly a few inches to at mast S to 10 feet of differential movement.
The site specific value of expected fault offset, however, could be assessed only
after a comprehensive geologic study of the dam site and the surrounding region
was conducted. In most cases, the majority of fault movement appears to occur
along a single rupture plane, with the remainder of the movement being
distributed over a wider distorted zone. Displacement on secondary fault features
located some distance away from the primary fault trace can, however, be
significant, and thus, the total surface displacement generated during an
earthquake event may be distributed over a zone up to tens of miles wide.

Field observations of surface faulting indicate that, in general, the bedrock
behaves as shown in Figures 3-27, 3-28, and 3-29. Down-warping of the upthrown
block during thrust faulting creates tension fissures in the bedrock surface.
Subsidence of the normal fault's hanging wall may produce secondary fractures.

Secondary bedrock deformations are less likely to occur in strike-slip faulting.
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Nevertheless, some amount of movement should be expected to occur on existing
planes of weakness in the foundation rock for all types of fault movement.

Field observations of surface faulting and the results of physical model
tests of fault rupturing indicate that differential movement across the fault rupture
dissipates as the fault rupture propagates to the surface in unconsolidated earth
materials. In the 1964 Alaska earthquake, a fault offset roughly 1.5% of the height
of the overlying fractured rock medium was locally absorbed and did not propagate
to the surface. The character of the soil determined the amount of base movement
necessary to propagate the fault rupture to the surface. In a number of model
tests, it was found that a base displacement or offset of between 1% and 15% of
the height of the overlying sand layer was necessary to propagate the rupture to the
surface.

Field observations of surface faulting indicate that, in general, fault
ruptures in unconsolidated earth materials behave as shown in Figures 3-30, 3-31
and 3-32. The rupture path depends on the orientation of the fault plane, the types
of fault movement, the amount of fault displacement, and the depth and character
of the overlying earth deposit. Typically, dip-slip fault surfaces are concave toward
the downthrown block. Thrust faults gradually decrease in dip near the surface.
Normal faults refract at the soil-bedrock contact and gradually increase in dip as
they approach the ground surface. The refraction and the variation of the dip of
the fault plane helps produce gravity grabens. Strike-slip faults tend to follow the
almost vertical orientation of the underlying bedrock fault.

Field observations of surface faulting and the results of physical model
tests of fault rupturing indicate that the great majority of the soil overlying the
bedrock adjacent to the fault does not participate in the rupture process. Most of
the soil deposit remains relatively undisturbed. Relative motion is primarily

concentrated within a fairly narrow zone above the bedrock fault. Once failure
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occurs, differential movement is usually localized to a thin, distinct failure plane.
Ductile materials, however, may accommodate significant fault movement by
warping without actually breaking.

Physical model tests, particularly 1 g small-scale model experiments,
produced consistent results in studies of dip-slip fault propagation through dry
cohesionless soils, The Lade and Cole (1984) study results, as shown in Figure
3-45(A), summarized the characteristic of the failure patterns that develop in dry
alluvium above dip-slip bedrock faults.

The finite element method can be applied to the fault rupture
propagation problem provided that the soil's nonlinear stress-dependént stress-
strain behavior is properly or at least adequately modeled. Linear elastic-perfectly
plastic constitutive laws produced inconsistent results when employed in the finite
element method, but nonlinear stress-deformation behavioral models provided
significantly better predictions of observed behavior. Although based on
continuum mechanics, the finite element method appears to be capable of
modeling the development of shear and tension zones during fault rupture
propagation with sufficient accuracy as to represent a useful engineering tool.

Field observations, physical model test results, and numerical analyses
indicate that both stress characteristics and kinematic constraints combine to
control the behavior of the soil above the bedrock fault movement. The Mohr-
Coulomb strength failure criterion with the parameters of angle of friction and
cohesion has been used successfully to numerically model soil behavior observed
during fault rupture propagation. Conversely, the kinematic parameter of the soil's
angle of dilation has also been employed successfully to predict the shape of the
fault rupture plane in soils overlying a base rock fault offset.

The review of the earthquake fault rupture propagation field studies

and the physical and numerical model studies of fault rupture propagation also
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identified critical shortcomings in our current level of understanding of this
phenomenon. Although the review of fault rupture propagation field studies
provided valuable insights, no well-documented case history exists which fully
describes how a deep soil deposit (i.e. greater than 50 feet) responds to a base rock
fault displacement. Previous studies have focused on surface expressions of
faulting, relatively shallow exploratory trenches (i.e. less than 20 feet in depth), and
interpretations of surficial geologic evidence. |

Furthermore, results from fault rupture propagation model tests of
saturated clay or saturated sand under undrained conditions are not available.
Likewise, no analyses have been performed to study fault rupture propagation
through saturated clay or saturated sand under undrained conditions. Finally, the
results from two studies: the Belousov (1961) model tests and the Scott and
Schoustra (1974) finite element analyses, differed from the results of the majority
of the physical and numerical model studies. In these two studies, the vertical base
fault rupture propagated over the upthrown block, whereas the other studies
showed that the final failure surface formed over the downthrown block during a
vertical bedrock fault offset. It thus appeafs that there are inconsistencies leaving
questions to be answered based on the Belousov (1961) and Scott and Schoustra
(1974) study results.

Given the shortcomings in our current state of knowledge regarding the
fault rupture propagation phenomenon, the literature review was once again
extended to explore two additional closely related topics: anchor pull-out behavior
and mining subsidence, in the hope that soil behavior analogous to the modes of
behavior involved in fault rupture propagation through soils could be observed. In
particular, information describing the behavior of saturated clay subjected to a
base deformation under undrained conditions will be sought. Anchor pull-out

studies and mining subsidence will be examined in the next chapter.
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CHAPTER FOUR:
REVIEW AND EVALUATION OF PREVIOUS STUDIES OF TWO
ANALOGIES TO THE FAULT RUPTURE PROPAGATION PHENOMENON

4.1  Introduction

The review of previous studies which modeled the fault rupture propagation
phenomenon either physically or numerically brought forth a number of important
lessons. Some questions, however, remained unanswered. The soft clay model
tests presented by Belousov (1961) and the fault propagation finite element
analyses by Scott and Schoustra (1974) found that the primary failure zone formed
above the upthrown block adjacent to a vertical bedrock fault offset. Whereas,
other physical model and numerical model studies showed that the failure surface
formed over the downthrown block during a vertical bedrock fault offset. Fault
rupture field studies suggest and kinematic constraints require that the fully
developed final failure zone ruptures the ground surface over the downthrown
block. It therefore appears that there are inconsistencies leaving questions to be
answered based on the Belousov (1961) and Scott and Schoustra (1974) study
results. | A

Furthermore, nearly all of the fault rupture propggation studies performed
to date have employed dry cohesionless materials in their research. As discussed
previously, the work completed by Lade and Cole (1984) appears to summarize the
characteristics of the failure patterns that develop in dry, cohesionless materials
overlying dip-slip bedrock faults. Yet, the critical component of an earth dam is its
core. The core material retains the reservoir water, and the majority of earth dams
possess cores of saturated compacted clayey materials. Only the Belousov (1961)
study could be used to examine the development of fault ruptures in clay above

dip-slip fault movements, and the results of his model tests differed from the
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results of the sandbox model tests as described in the previous paragraph.
Moreover, it was not clear if the clay material used in the Belousov (1961)
experiments was fully saturated.

Given the shortcomings in our current level of understanding of the fault
rupture propagation phenomenon, it might be useful to identify well-documented
problems which display behavior analogous to the fault rupture propagation
problem. Chapter Four presents a review and evaluation of two closely related
problems: anchor puil-out behavior and mining subsidence, in the hope that soil
rupture behavior closely analogous to the modes of behavior involved in fault
rupture propagation through soils might be observed. The principal lessons to be
learned from the anchor pull-out problem and the mining subsidence problem with
respect to fault rupture propagation through soils are discussed in the summary

section.

4.2 Anchor Pull-Out Studies

42.1 The Anchor Pull-Out/Fault Rupture Propagation Analogy:

The anchor pull-out problem proved to be a good analogy to the fault
rupture propagation problem. Considerable effort has been devoted toward
improving the profession's understanding of the anchor pull-out problem. In
addition, the withdrawal of a horizontal anchor plate embedded in a soil deposit
was thought to be analogous to the uplift of the upthrown bedrock block adjacent
to a vertical dip-slip fault. The primary emphasis in anchor pull-out studies has
been to determine the pull-out resistance of the anchor. This review, however,
would focus on the pattern of shear fractures that develop while the anchor is
being pulled out of the ground.

The principal methods of determining an anchor's pull-out resistance are

shown in Figure 4-1. Each method assumes different failure planes through the
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overlying soil, and hence, each method produces slightly different estimates of the
anchor's pull-out resistance. All of the methods show the final failure zone
rupturing the ground surface either vertically above or to the outside of the edge of
the uplifted anchor plate. The failure surfaces delineated in each of these methods
were simplifications of slip-lines observed in model tests conducted in the
laboratory and in prototype anchor tests performed in the field. Vesic (1971)

commented,

Observations in small-scale model tests with anchor plates and

anchor piles at Duke University proved that the shape shown in

(Figure 4-1(c)] occurs only in the case of relatively shallow anchors in

dense sand or stiff silty clay. For shallow anchors in loose sand or

soft clay, the slip surface, though not clearly established, is closer to

being a vertical cylinder around the perimeter of the anchor. Note

that very deep anchors do not fail in general shear such as that

shown in [Figure 4-1(c)], regardless of the relative density of the soil.

Experiments indicate that they can be moved vertically for

considerable distances by producing a failure pattern similar to

punching shear failure in deep foundations. '
The observed shapes of slip surfaces shown in Figure 4-2, as well as similar
conclusions made by Meyerhoff (1973), confirmed Vesic's comments.

One of the difficulties to utilizing the anchor pull-out/fault rupture
propagation analogy was the difference between the behavior of shallow and deep
anchors. The anchor's critical normalized depth, (D/B)CRIT, was defined as the
ratio of the depth of the anchor to the width of the anchor plate that distinguished
when an anchor behaved as a shallow or deep anchor. The critical normalized
depth for most anchors ranged from around 2 in loose materials to more than 10 in
very dense soil deposits. Since the width of the upthrown block in the fault rupture
propagation problem is relatively large (in essence, close to infinite), the typical

shallow anchor failure pattern might then be expected to "best” represent the

behavior of soil overlying a vertical dip-slip bedrock fault. Yet, does the soil
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directly above the vertical bedrock fault "know" that the uplifted block is
theoretically close to infinite when the bedrock fault displaces some small amount?
Perhaps, the critical normalized depth parameter used to describe anchor pull-out
behavior does not apply to the fault rupture propagation problem. Instead, in this
case, the conditions of shallow or deep embedment might be better defined by the
conditions of low or high confining stresses, or better yet, dilatant soil behavior or
contractive soil behavior. Where soils behave contractively, failure patterns might
form like those observed in deep anchor pull-out studies. Where soils behave
dilatantly, failure patterns might form like those observed in shallow anchor pull-
out studies.

Two other differences between the anchor pull-out problem and the fault
rupture propagation problem must be considered. If soil is allowed to fall into or
to be pulled into the void created when the anchor plate displaces upward, the
boundary conditions for these two problems become significantly different. Thus,
results from anchor pull-out tests which allow such soil movement will be ignored
in this study. Finally, if the soil is very compressible ana the anchor plate width is
relatively narrow, failure patterns that develop around one edge of the anchor
plate might interact with the failure patterns that develop around the other edge of
the anchor plate. Again, the boundary conditions for the two problems (anchor
pull-out and fault rupture propagation) become excessively different. Thus, it
would be difficult to use results from anchor pull-out tests under these conditions
to illustrate how soil responds to a bedrock fault rupture.

In Section 4.2 the results of physical model tests and numerical analyses of
_anchor pull-out are presented in the hope that information from these studies will
improve our understanding of the fault rupture propagation phenomenon. Lessons
to be learned from the anchor pull-out studies regarding the fault rupture

propagation problem are discussed in the last part of this section.
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4.22 Physical Model Studies:
(a)  Anchor Pull-Out in Sand:

Much of the early work in studying the anchor pull-out problem
concentrated on understanding how frictional materials responded to anchors
under various applied loadings. Anchors were primarily embedded in frictional
materials to provide adequate support at relatively small deformations. Thus, the
majority of model tests have been performed to date using dry, cohesionless
materials. The results from a number of these physical model tests are presented
to compare with the results from the physical fault rupture model tests. It is hoped
that this review will validate the usefulness of the anchor pull-out/fault rupture
analogy and will provide additional insights into the fault rupture propagation
problem.

The results of model tests performed by Balla (1961), which became the
experimental basis for the Balla method for calculating anchor pull-out capacities,
are shown in Figure 4-3. The final rupture surface, which was easily discernable,
curved away from the centerline of the withdrawn anchor. The soil above the
inside edge of the anchor appeared to participate in the failure also. The right
photograph of Figure 4-3 shows this clearly. In the left photograph, the final
rupture surface appeared to actually move up over the anchor plate before
deflecting away from the anchor centerline. Khadilkar et al. (1971) agreed,

With increase in pull-out the soil lying just above the enlarged base

gets compressed. A further increase in load results in heaving of the

soil at top. Additional pull-out load overcomes the shear strength of

the soil and finally cracks are observed to extend through the soil

mass and ultimate rupture is established.

Work by Dickin (1988) illustrates this point further. Asshown in Figure 4-4,

multiple failure surfaces develop above and to the outside of the uplifted anchor
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Figure 4-3: SHAfE OF THE BREAKING OUT EARTH MASS (after Balla,
1961

Figure 4-4: FAILURE MECHANISM AROUND 75 MM ANCHOR AT
D/B = 3 IN DENSE SAND (after Dickin, 1988)
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plate. On both sides of the anchor, some failure planes developed over the anchor
for a short distance while the final shear zones moved out into the sand away from
the anchor centerline. Additional photographs of anchor pull-out tests in sand
presented by Meyerhof and Adams (1968) confirmed that the slip surface was
more cylindrical in loose sand than it was in dense sand. In dense sand, the slip
surfaces immediately began to deflect away from the center of the anchor plate.
Finally, precise measurements by Vardonlakis et al. (1981) indicated that a trap-
door uplift movement of roughly 109% of the height of the dry, dense sand was
necessary to cause the failure surface to propagate to the ground surface. The
trap-door uplift model tests displayed failure patterns similar to those described in

the fault rupture model tests and in the anchor pull-out model tests.

(b)  Anchor Pull-Out in Clay: -

A number of publications authored by Sutherland and Davie have
addressed the problem of understanding the uplift resistance of soils (Davie, 1973;
Davie and Sutherland, 1977; Davie and Sutherland, 1978; Sutherland, 1988). In

| fact, in the twenty-eighth Rankine Lecture, Sutherland (1988) presented a
comprehensive review of this problem. The doctoral thesis -by Davie (1973),
however, was the basis for the majority of Sutherland and Davie's original work in
this area. In this document, detailed descriptions and results are provided for a
series of 65 model anchor pull-out tests using saturated clay as the testing material.
Their testing program brought forth a number of important points,

Reasonable modeling of the prototype anchor and soil required that clays of
low shear strength be employed in the 1 g small-scale model tests, Davie and
Sutherland (1977) found that the ratio of soil shear strength to the product of the
soil's unit weight and width or depth of the anchor (C/yB or C/vD) should usually

be at least approximately equivalent in the model and in the prototype. Hence, 1g
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small-scale model tests required the use of weak clay materials. Sutherland (1988)
warned that if the prototype clay was very soft, it could only be modeled with either
large models or with soils of negligible shear strength. Large models, however, are
not usually feasible and "the failure characteristics of extremely soft clays can be
quite different from those of stiffer clays because of their viscous nature.” It was
considered important that model tests employed to predict failure loads should
adequately model the prototype soil's failure characteristics.

In the 1 g smali-scale model tests performed by Sutherland and Davie, they
judged that these extreme conditions did not exist, and hence, the prototype soil
could be modeled with low shear strength soils believed to possess similar failure
characteristics. Two clays were prepared in the laboratory. A mixture of bentonite
and glycerine (referred to as glyben) possessed shear strengths of on the order of
100 to 400 psf. A mixture of a natural occurring silty clay and a soft clay (referred
to as silty clay) possessed shear strengths of on the order of 185 to 225 psf. The
majority of tests were actually push-out tests 'modeling shaft-raising in tunnel
construction. Hence, the soil above the horizontal plate was not disturbed by an
anchor rod and suction under the uplifted plate was typically not allowed. These
conditions actually improved the similarity between these model tests and the fault
rupture propagation model tests. The width of the model anchors ranged from 1 to
8 inches. The anchors were embedded 1.5 to 12 inches into the soil. "Nonlayered"
samples were prepared by kneading together small balls of material to eliminate
preferred lines of weakness. "Layered” samples were prepared by manually
kneading the material in layers. Volume change tests on the clay materials
estimated Poisson’s ratio at 0.48, which indicated that the clay was very close to full
saturation.

Representative results from three of the anchor plate push-out tests are

shown in Figure 4-5. These photographs illustrate the different modes of crack and
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(C) Deep Anchor Case, D/B = 4.5

Figure 4-5: DEFORMATION AND CRACKING AT ULTIMATE UPLIFT
RESISTANCE OF HORIZONTAL PLATE IN SOFT CLAY (after
Sutherland, 1988)
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failure patterns for anchors at various depth to width ratios (D/B). In the shallow
anchor case (D/B = 1.5), numerous tension cracks were observed when the failure
condition was achieved; whereas, in the deep anchor case (D/B = 4.5), a plastic
zone above the uplifted plate was apparent when the failure load was obtained.
Upon closer inspection of these test results, however, a number of similarities
could be found. Even in the shallow anchor case, a zone of highly stressed clay
material appeared to form above the inside edge of the anchor plate. In fact, this
shear zone appeared to move slightly over the uplifted plate until tension cracks
formed and changed the predominant failure mechanism. This initial shear zone
and its tendency to move toward the center of the anchor plate could be seen more
clearly in the intermediate and deep anchor cases. In the deep anchor case, as well
as in intermediate and shallow anchor cases, a zone of extension or reduced stress
formed to the outside of the edge of the uplifted plate. Tension cracks clearly
defined this zone in the intermediate and shallow cases. The glyben did not seem
to develop distinct shear failure planes. Instead, a wider zone of distorted clay
accommodated the anchor plate movement.

The Sutherland and Davie studies focused on understanding the load-
deformation behavior of uplifted horizontal plates in soft clay, and in particular,
the ultimate resistance of the anchor., The focus of this writer's research, however,
is understanding the failure patterns that develop in soil as a result of base
deformation. The model test data provided by Davie (1973) provided an excellent
opportunity to check one of this writer's hypotheses. Unconfined triaxial
compression test data on each material was provided. The glyben material
reached the maximum. deviatoric stress at approximately 20% axial strain. The
silty clay failed at appfoximately 28% axial strain. If the ratio of the plate
displacement at failure to the depth of the anchor (df/D) was calculated for each

of the 58 applicable anchor push-out model tests (tests which allowed suction to
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develop beneath the anchor plate were not included), an interesting point could be
made. In the 47 plate push-out tests in glyben, the base displacement required to
cause failure in the overlying soil averaged around 23% of the depth of anchor
embedment (d¢/D = 0.23). On the other hand, in the 11 plate push-out tests in the
silty clay material, the base displacement required to produce failure averaged
around 35% of the depth of anchor embedment (d¢/D = 0.35). The axial strain at
failure in the silty clay unconfined triaxial compression tests was roughly 40%
higher than that of the glyben, and the base deformation (normalized as a
percentage of the depth of embedment) required to produce failure in the silty clay
was roughly 509 higher than that of the glyben. It appeared that the amount of
base deformation necessary to produce the failure condition in the overlying soil
was roughly proportional to the failure strain of the overlying soil. Therefore, it
would appear that the rate of growth of the shear rupture zone above a bedrock
fault offset might be primarily a function of the failure strain of the overlying earth
material.

A number of other works in this area were reviewed, but the details of the
test conditions and the test results were either not given, or when provided, the test
conditions described did not match the test conditions necessary to allow for the
application of the anchor pull-out/fault rupture analogy (Meyerhof and Adams,
1968; Ali, 1968; Bhatnager, 1969; Vesic, 1971; Meyerhof, 1973; Rowe and Davis,

- 1982a). The Sutherland and Davie work, however, did provide useful insights.

423 Numerical Model Studies:
(a)  Anchor Pull-Out in Sand:

A number of studies have employed the finite element rrlethod to analyze
the problem of anchor pull-out in cohesionless materials and the results from four

studies are discussed herein. Rowe and Davis (1982b) used an elasto-plastic
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constitutive model for soil which employed a Mohr-Coulomb failure criterion and
either an associated or nonassociated flow rule. The authors claimed that results
from their finite element analyses agreed reasonably well with the results from
their model testing program. Their study emphasized the importance of the sand's
angle of dilation parameter. Velocity fields at collapse loads indicated that
increasing the value of the angle of dilation parameter caused the failure surface to
become less steep.

Ito and Kitahara (1982) successfully applied the finite element method to
this problem by using a nonlinear, incremental elastic, stress-dependent soil
constitutive law which accurately modeled the sandy soil's stress-strain behavior.
The predicted ultimate pull-out load was around 15% higher than the value
estimated in large-scale model tests, and at working loads, the load-deformation
behavior exhibited in the FEM analyses and in the model tests agreed within 5%.
Furthermore, the authors noted, ". . . the failure zone obtained by numerical
analysis has a shape likely to envelop the final slip surface observed by the
experiment.”

On the other hand, in the 1988 Rankine Lecture, Sutherland admitted that,

Attempts by the Glasgow research students to date have not been

particularly successful when the finite element approach has been

applied to the uplift resistance problem, and especially so when the
predictions were compared with the field tests at Sizewell in the shaft
raising operations . . . As far as the finite element analyses were
concerned, the predictions for clay were reasonable, but conservative
compared with model tests and other methods of analysis. The finite
element predictions for cohesionless soils, however, were most
unsatisfactory. They gave highly conservative resuits for other than

loose sands and could not have formed the basis for the successful

shaft raising design at Sizewell as a design for failure case.

As Scott (1987) pointed out in the 1987 Rankine Lecture, which was later
confirmed by Sutherland (1988) in the 1988 Rankine Lecture, it was difficult to

develop an accurate soil constitutive model for dense sands. Most current practical
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FEM soil constitutive models do not mode! dilative volumetric strain behavior
well,

Finally, Tagaya et al. (1983) performed a relatively exhaustive FEM soil
parameter sensitivity study regarding anchor pull-out behavior in dry, cohesionless
materials. In his analyses of the anchor pull-out problem, Tagaya and his
colleagues investigated the effects of changing various factors on the results
calculated by the finite element method. The authors employed the nonlinear
elasto-plastic soil constitutive model developed by Lade (1972). The FEM
analyses utilized 4-node isoparametric elements and an incremental load solution
technique. The FEM results were validated against results from centrifuge model
tests. This study provided a number of important lessons.

The predicted pull-out load decreased as more elements were employed in
the finite element analyses. A small number of elements produced a larger failure
zone and hence, required more energy to develop failure. To better model the
actual narrow failure zones that developed in the physical model tests, a refined
mesh (e.g. elements 1/6 to 1/4 of the anchor width) was employed along
anticipated failure planes to minimize energy dissipation. As expected, a solution
technique which employed small load increments modeled observed soil behavior
more realistically. Tagaya et al. (1983) found that up to two-thirds of the failure
load, larger load increments could be used. Then, gradually decreasing load
increments should be used as the failure load was approached. The left and right
vertical boundaries of the finite element mesh should extend to at least three times
the anchor width away from the edge of the anchor. Nodes along this boundary
should be fixed in the horizontal direction, but should be free to displace in the
vertical direction.

The soil parameter sensitivity study identified four characteristics of the

cohesionless soil that should be modeled adequately to successfully employ the
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FEM in the analysis of the anchor pull-out problem. The initial state of stress as
described by the parameter K, the coefficient of lateral earth pressure at rest,
played an integral role. The lower the K, value, the closer the initial soil condition
was to failure, and hence, the predicted pull-out load was lower. The volume-
change parameters were also important. Increasing the soil's tendency to dilate,
increased the predicted pull-out load. Of course, increasing the stiffness of the soil
produced a more brittle load-deformation behavior, and increasing the strength of
the soil increased the pull-out load capacity of the anchor. In review, however, the
results of the FEM analyses of the anchor pull-out problem in cohesionless soils
were typically most sensitive to var\iations in the parameter K, and to variations in

the volume change parameters (e.g. Poisson's ratio) .

(b) Anchor Pull-Out in Clay:

As was previously pointed out by Sutherland (1988), whereas, it has been
difficult to successfully use the finite element method to analyze anchor pull-out in
cohesionless materials, FEM predictions of anchor pull-out resistance in cohesive
materials have been reasonably correct. Thus, an adequate finite element analysis
provides sufficient accuracy to be used as an engineering tool in the study of
anchor pull-out behavior in cohesive soils.

In his doctoral research program, Davie (1973) employed the FEM to
analyze the anchor pull-out model tests already discussed in Section 4.2.2(b). In
this study, he employed an axi-symmetric linear elastic-perfectly plastic soil
constitutive model with a Von Mises yield criterion. The FEM analyses were
performed with 180 to 200 4-node isoparametric elements and with 15 to 20
displacement increments. The value of the key soil parameters were: modulus of

elasticity = 15,000 psf; Poisson's ratio = 0.495; yield stress = 375 psf; coefficient of
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lateral earth pressure at rest = 1.0; and the unit weight = 0 pcf. Tension was
allowed to develop in the soil mass.
Representative results from Davie's FEM analyses are shown in Figure 4-6.
Note that the shaded zones denote regions of tensile stresses. Even in the deep
anchor cases, these tension zones were extensive, It appeared that employing
elements which could sustain tensile stresses reduced the reliability of the FEM
- results. In the shallow anchor case shown, the failure zone propagated up
vertically from the edge of the anchor plate. In the intermediate and deep cases,
the failure zone initially propagated up vertically, but soon began to bend over the
uplifted anchor plate. As displacement of the anchor plate continued, the yield
zone again grew vertically until the failed zone reached the surface at a point just
outside of the edge of the anchor. The final slip-line in all three cases was
cylindrical. The physical model tests indicated, however, that for the shallow
anchor case the final slip-line should bend over away from the anchor near the
ground surface. The predicted ultimate pull-out loads, however, were considered

to be reasonable.

424 Lessons to be Learned from Anchor Pull-Out Studies Regarding Fault

Rupture Propagation:

The results from the anchor pull-out model tests agreed quite closely with
the results from the fault rupture propagation model tests discussed in Section
3.3.2. The final slip-lines which developed in each group of model tests were
similar. They formed at the edge of the uplifted anchor plate or base section and
propagated up toward the surface vertically, although near the surface the slip-line
bent over away from the uplifted soil. The anchor pull-out model tests, however,
clearly showed a zone of highly compressed soil above and to the inside of the edge

of the anchor plate. In sand, sometimes a distinct failure plane formed in this
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compressed region. In clay, a plastic zone of highly stressed soil typically
developed above the anchor plate. This appeared to confirm what had been
surmised earlier in Section 3.3 about the behavior of soil overlying a displaced base
section. As shown in Figure 4-7, when the uplifted block initially displaced
vertically, an "inverted footing" type of failure appeared to begin to develop. A
zone of highly stressed or failed soil formed vertically above the edge of the
uplifted block and tended to move up and over the uplifted block. With further
base displacement, the failure zone once again propagated more in a vertical
direction. This initiated the final phase or the "anchor pull-out” type of failure. To
comply with kinematic constraints, the final slip-line must allow the uplifted block
to be removed out of the soil deposit. Thus, a vertical failure zone or a failure
zone which bends over the downthrown block developed. Near the ground surface
there was a tendency for all the final failure planes to bend over the downthrown
block.

This two-phase development of the shear failure zone in the soil overlying a
displaced vertical thrust fault possibly explained the deviations observed in the
Belousov (1961) model tests in soft clay and the Scott and Schoustra (1974) finite
element analyses of fault propagation in an alluvial valley. Both of these models
appeared to only show the first phase of failure or the "inverted footing" type of
failure. Anchor pull-out model tests and FEM analyses often displayed this type of
failure initially. If the Belousov (1961) model test would have continued with
additional uplift of the base section, the final phase of failure or the "anchor pull-
out" type of failure would have occurred. Kinematic constraints require this to be
true. Likewise, the FEM was not inherently deficient because the Scott and
Schoustra (1974) analyses predicted only the first phase of failure. Instead, a
number of FEM studies of fault rupture propagation and anchor pull-out have

shown that the FEM could reasonably predict the final phase of failure or the
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"anchor pull-out" type of failure. The successful FEM studies employed soil
constitutive laws which adequately modeled the nonlinear stress-strain behavior of
the soil overlying the anchor. In contrast, linear elastic-perfectly plastic soil models
appeared to be deficient. When various nonlinear soil models were employed,
however, the finite element results were much improved. Greater sophistication in
soil constitutive models was required when modeling medium to dense sand which
tended to dilate when sheared. Simpler nonlinear soil constitutive laws could
satisfactorily model non-dilatant materials.

Besides the shear zones which develop in soils because of base deformation,
the physical model tests and numerical model analyses indicated that tension zones
could develop adjacent to the edge of the uplifted anchor plate and at the ground
surface over the uplifted anchor. These possible tension zones or extension zones
are shown also in Figure 4-7. The possibility of tension zones forming in the core
of a dam which crosses a dip-slip fault would be a source of grave concern to the
dam engineer. It is not known if tension would actually develop in deep soil
deposits which overlie bedrock faults. The physical model tests and FEM analyses
were performed on soils under relatively low confining pressures. These results,
however, do clearly indicate that zones of local extension would probably develop.
Even if these extension zones did not become tension zones, the minor principal
stress might drop to a value low enough to permit hydraulic fracturing. The
development of regions of stress reduction in soils that overlie bedrock faults
requires further study.

Sutherland (1988) recognized the difficulties in modeling soft clay prototype
materials. Large-scale models or models employing extremely soft, weak clays
which might behave differently than the prototype clays would be necessary to
satisfy scaling laws. Likewise, it should be recognized that large prototype

structures such as earth dams would require large-scale models which might not be
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economically feasible or models with soil materials with negligible shear strength
and possibly different failure characteristics. It is important to recognize the
potential difficulties in physical model testing and to ensure that modeling
inaccuracies are for the most part satisfactorily reduced.

One of the most critical lessons to be learned in the review and evaluation
of anchor pull-out studies was the demonstration of the importance of the soil's
failure strain in determining the rate of fault rupture propagation. Manipulation of
the data presented by Davie (1973) appeared to indicate that the magnitude of
base movement necessary to cause the shear rupture zones to propagate up to the
ground surface of the soil deposit was primarily dependent on the failure strain of
the soil. Furthermore, the axial strain at failure (i.e. at the maximum deviatoric
load) in a standard unconfined triaxial compression test could be used to describe
the failure strain of the soil in the fault rupture propagation problem. The Davie
(1973) test data implied that of all the soil parameters used to describe the soil, the
most critical parameter may well be the failure strain of the soil.

The FEM studies brought forth a number of salient points. The finite
element method can be successfully applied to this boundary deformation problem.
Although limitations exist, FEM analyses can provide valuable insights into the
anchor pull-out problem, as well as the fault rupture propagation problem.
Localization of shear failure in narrow zones is difficult to achieve as the failed
zone usually widens as it propagates toward the ground surface. Yet, at least the
zone within which the distinct failure planes develop is predicted reasonably well
by adequate FEM analyses. An adequate FEM analysis appears to require
employment of a nonlinear stress-strain soil model. Linear elastic or linear elastic-
perfectly plastic soil models have not consistently produced acceptable results.

Furthermore, modeling the dilatant behavior of dense, cohesionless materials is
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important; whereas, nondilatant materials have been modeled quite well with
simpler soil constitutive laws.

The anchor pull-out FEM results are somewhat sensitive to some of the soil
parameters. The coefficient of lateral earth pressure at rest appears to be an
important soil parameter. Of course, the soil parameters which most significantly
describe the soil's stress-strain behavior and volume-change behavior influence the
development of failure in the soil. As one might expect, it is important to model
the soil as a "no-tension” material. All of the numerical models reviewed utilized
an incremental load solution technique. Once the soil approaches the failure
condition, gradually decreasing load or displacement increments should be
imposed to maintain accuracy. Finally, smaller elements should be concentrated in
the expected zone of shear failure to minimize the overestimation of the width of

the actual shear failure zones.

43  Mining Subsidence Studies

Numerous well-documented case histories of mining subsidence exist.
Because of the long history of mining in Europe, often under towns, many detailed
studies of the movement of the ground surface as a result of ore or coal extraction
can be found in the literature. In fact, a number of mining subsidence theories
based on the ground movements observed in the field have been developed to
predict the shape and the magnitude of the subsidence bowl created at the ground
surface. These experience-based theories predict the general pattern of ground
deformation reasonably well. Since the dropping of the roof of a mined seam
produces a base deformation in the overlying bedrock which might be analogous to
the base deformation produced by a nearly vertical normal fault movement, studies
of mining subsidence were examined to determine their usefulness as an analogy to

the earthquake fault rupture propagation phenomenon.
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The pattern of ground subsidence resulting from underground mining
operations is summarized in Figure 4-8. In this diagram, a typical subsidence
profile and strain profile above a mined out seam is shown. Critical mining
subsidence parameters are defined. At first glance, it might appear that well-
documented case histories of mining subsidence could be used to illustrate how
ground above a bedrock fault might look after fault movement. Figure 4-9
illustrates why this is not the case. The mechanics of mining subsidence differ
greatly from the mechanics of fault rupture propagation through overlying soils.
For instance, in mining subsidence case histories, the extracted seams were often
hundreds to thousands of feet below the ground surface. Hence, the principles of
rock mechanics, not soil mechanics, often governed. As Figure 4-9 indicates, the
height of the void created by the excavated seam was distributed among a number
of different movements in various rock beds. Stress reduction uplifted the mine
floor. Caving and bulking of roof materials typically filled the majority of the
undefground space created by mineral extraction. Bending of overlying rock beds
and slippage between these beds accommodated some of the roof deformation.
Shear fracturing on distinct failure planes did occur, but in general, the other
movements accommodated most of the total vertical movement. By the time the
rock beds near the ground surface displaced, much of the total movement had
already been absorbed through bulking of fractured rock materials and rock bed
separation. Normally, these rock beds near the ground surface deformed in the
gentle shape of the subsidence bowl shown in Figure 4-8. Thus, the overlying soil
"saw" nothing resembling a fault offset on a distinct bedrock fault plane.
Additionally, no well-documented case histories of mining subsidence could be
found in this review of literature where the bedrock was overlain by at least fifty or

more feet of soil.
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An exception to the development of a gentle subsidence bowl was fault-
controlled subsidence (Lee, 1966; Bell, 1975; Kratzsch, 1983; Dunrud, 1984).
Faults provided existing planes of weakness which could localize vertical
subsidence movements. Hence, in a small number of documented cases, sharp
offsets as much as a few feet ruptured the ground surface on distinct failure planes
through the soil. Dunrud (1984) noted that extraction in a 2300 foot deep room-
and-pillar mine near Sunnyside, Utah created a graben in the overburden as much
as 150 feet wide and 8 feet deep adjacent to an existing bedrock fault plane. The
ground ruptured as much as 1 foot along a 500 foot long section of a pre-existing
bedrock fault in another case where mine operations resumed approximately 900
feet below the ground surface. Yet, in the cases of fault-controlled subsidence
where the bedrock displaced across a distinct failure plane, the overlying soil
deposit was either very shallow or its depth and character were not described in
detail.

Therefore, this reasonably comprehensive review of mining subsidence case
histories did not uncover one well-documented field case history which could be
used to illustrate fault rupture propagation through soil or to validate any proposed
numerical or physical model of fault rupture propagation through soil. A few
lessons, however, could be learned. First, of course, that the mechanics of mining
subsidence and earthquake fault rupture differ significantly. Second, base rock
movements produce a gentle bowl shaped subsidence profile with local tension and
compression zones at the ground surface. Base offsets could occur without
rupturing the ground surface. Finally, it was clearly shown that the bulking of
originally dense earth materials could fill voids created by mining extraction. The
mining subsidence case histories thus appeared to confirm the view by Leps (1989)
that a dense cobble zone above a bedrock fault could bulk and accommodate some

of the differential movement across the fault during an earthquake.
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44 Summary and Findings

In Chapter Four, previous studies of anchor pull-out behavior in both
cohesionless soils and cohesive soils were reviewed and evaluated. The anchor
pull-out problem provided critical insights into the fault rupture propagation
phenomenon. Similarly, works in the field of mining subsidence were reviewed in
the hope that soil behavior analogous to how a soil responds to an earthquake base
rock fault movement might be observed. The mining subsidence problem,
however, proved to be a tenuous analogy to the phenomenon of fault rupture
propagation through overlying soils. The studies of anchor pull-out and mining
subsidence did bring forth a number of salient observations.

The anchor pull-out analogy proved to be extremely useful. 1 g small-scale
mode] testing of anchors in soft saturated clay indicates that the amount of anchor
plate displacement necessary to produce failure in the soil above the anchor is
principally proportional to the soil's failure strain. Moreover, the soil's axial strain
at failure (e.g. maximum deviatoric stress) in an unconfined triaxial compression
test appears to define the soil's failure strain during soil rupturing reasonably well.

The results of anchor pull-out model tests indicate that both stress
characteristics and kinematic constraints combine to control the behavior of the
soil overlying the bedrock fault movement. A highly stressed region initially forms
above the edge of the uplifted base section and stress reduction occurs to the side
of the edge of the uplifted base section during the anchor plate movement.
Although failure may occur in these zones of stress increase and stress reduction,
the final failure surface must be kinematically admissible, and hence, it must bend
over the downthrown block. These two phases of the development of the shear

failure zone in the soil overlying a displaced vertical thrust fault (i.e. the "inverted
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footing" type of failure and the "anchor pull-out” type of failure) are illustrated in
Figure 4-7.

The finite element method is judged to not be inherently deficient because
the Scott and Schoustra (1974) analyses predicted only the first phase of failure
(the "inverted footing" type of failure). Instead, a number of FEM studies of the
anchor pull-out problem have shown that the FEM can reasonably predict the final
phase of failure (the "anchor pull-out" type of failure). The finite element analyses
are much improved when nonlinear soil constitutive models are employed.
Additionally, numerical analyses of the anchor pull-out problem indicate that the
coefficient of lateral earth pressure at rest is possibly a critical soil parameter.

Mining subsidence, in general, cannot be used as a direct analogy to fault
rupture propagation through overlying soils. The mechanics of mining subsidence
differ greatly from the mechanics of earthquake fault rupture propagation through
soil. Namely, the majority of the vertical deformation in mining subsidence is
accommodated by the caving and bulking of the roof rock materials and by the
bending and slippage of the overlying rock beds, not shear rupturing of overlying
earth materials.

On the other hand, the use of the anchor pull-out/fault rupture propagation
analogy also posed some potential problems. For instance, the effects of various
base rock fault plane orientations could not be studied since the anchor pull-out
analogy only modeled a vertical thrust/normal fault offset. Furthermore, the
majority of the previous anchor pull-out model studies employed dry, cohesionless
soils or extremely soft clays possessing a viscous type of soil behavior at failure.
Moreover, many model tests allowed suction to develop underneath the anchor
plate, which, in turn, destroyed the similarity between the boundary conditions in
the anchor pull-out and earthquake fault rupture scenarios. Finally, the potential

development of regions of stress reduction in soils that overlie displaced base
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sections requires further study. Overall, however, the anchor pull-out analogy

provided key insights into the fault rupture propagation phenomenon.
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CHAPTER FIVE:
SUMMARY, FINDINGS, AND SHORTCOMINGS OF THE
CURRENT LEVEL OF UNDERSTANDING

5.1 Summary of the Review and Evaluation of Case Histories and Previous

Studies

An extensive review of literature has been performed to assimilate
information which might improve our understanding of the behavior of earth
embankments offset by a fault movement in their foundation. The literature
review included a survey of previous studies of the effects of bedrock fault rupture
on the performance of earth dams. In addition, a small group of full-scale earth
dam/fault rupture case histories were examined. Without clear guidance from the
full-scale earth dam case histories, earthquake fault rupture propagation case
histories were investigated to provide critical insights into the fault rupture
propagation phenomenon. Although these field investigations provided general
patterns of soil behavior during fault rupture propagation, previous model studies
of faulting (both physical and numerical) were reviewed to examine the behavior of
the soil overlying base rock fault movements in greater detail. Finally, two
analogous classes of problems, anchor pull-out and mining subsidence, were
reviewed and evaluated to obtain additional information on how soils, particularly
saturated cohesive soils, respond to base deformations or offsets. The findings of
this review and evaluation of literature, as well as the shortcomings in the present

understanding of this topic, are presented herein.
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5.2 Findings from the Review and Evaluation of Case Histories and Previous

Studies
Based on the field observations, laboratory data, and numerical results
currently available, these findings can be made regarding the effects of tectonic

movements on the stresses and deformations in earth embankments:

1. Casagrande's concept of multiple lines of defense should be employed
in the design of all dams built over potentially active faults. Experts
agreed that particular attention must be devoted to controlling the
hazards of concentrated leaks through the dam and its foundation. The
stability of the foundation must be guaranteed. A thick, ductile core
protected upstream by thick 'crackstopper’ zones and dowﬁstream by
thick filter and transition zones were considered desirable. These
zones must be backed up by a drainage system that extends the full
height and length of the dam. All zones must be wider than the
maximum anticipated potential fault offset. The crest width and the
freeboard of the dam should be maximized, whereas the required
reservoir capacity should be minimized. Of course, if possible, a dam
site traversed by potentially active faults should be avoided. Spillways
and outlet control works should not traverse potentially active fault
traces. Finally, the experts concluded that rigid dam structures such as
concrete gravity dams should not be constructed over potentially active
faults.

2. Pure reasoning was shown to have limitations. In 1974, Sherard
reasoned that a broadly graded gravel-sand mixture was the best
material to use in the core of an earth dam built over a potentially

active fault because of the material's "self-healing" tendency. Just five
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years later, when investigating the development of sinkholes in earth
dams constructed of broadly graded soils, Sherard concluded that these
materials were prone to soil migration even without base differential
movement, and hence, broadly graded soils were potentially unstable
with regard to internal erosion.

A proper geologic investigation must be conducted in the early
planning stages of any dam sited in a seismic region. The study should
include a geologic survey of a large area surrounding the dam site and
a detailed study of fault traces and secondary fractures which cross the
dam site. Some amount of movement on these fault traces and
secondary fractures throughout the seismic region should be
anticipated. In most cases, the amount of displacement across even a
major fault would be less than 5 to 10 feet.

Field observations of surface faulting indicate that, in general, the
bedrock behaves as shown in Figures 3-27, 3-28 and 3-29. Down-
warping of the upthrown block during thrust faulting creates tension
fissures in the bedrock surface. Subsidence of the normal fault's
hanging wall may produce secondary fractures. Secondary bedrock
deformations are less likely to occur in strike-slip faulting.
Nevertheless, some amount of movement should be expected to occur
on existing planes of weakness in the foundation rock during all types
of fault movement.

Field observations of surface faulting and the results of physical model
tests of fault rupturing indicate that differential movement across the
fault rupture dissipates as the fault rupture propagates to the surface in
unconsolidated earth materials. The character of the soil determined

the amount of base movement necessary to propagate the fault rupture
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to the surface. In a number of model tests, it was found that a base
displacement or offset of between 1% and 15% of the height of the
overlying sand layer was necessary to propagate the rupture to the
ground surface.

Field observations of surface faulting indicate that, in general, fault
ruptures in unconsolidated earth materials behave as shown in Figures
3-30, 3-31 and 3-32. The rupture path depends on the orientation of
the fault plane, the types of fault movement, the amount of fault
displacement, and the depth and character of the overlying earth
deposit. Typically, dip-slip fault surfaces are concave toward the
downthrown block. Thrust faults gradually decrease in dip near the
ground surface. Normal faults refract at the soil-bedrock contact and
gradually increase in dip as they approach the ground surface. The
refraction and the variation of the dip of the fault plane helps produce
gravity grabens. Strike-slip faults tend to follow the almost vertical
orientation of the underlying bedrock fault.

Field observations of surface faulting and the results of physical model
tests of fault rupturing indicate that the great majority of the soil
overlying the bedrock adjacent to the fault does not participate in the
rupture process. Most of the soil deposit remains relatively
undisturbed. Relative motion is primarily concentrated within a fairly
narrow zone above the bedrock fault. Once failure occurs, differential
movement is usually localized to a thin, distinct failure plane. Ductile
materials, however, may accommodate significant fault movement by

warping without actually breaking.
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Physical model tests, particularly 1 g small-scale model experiments,
produced consistent results in studies of dip-slip fault propagation
through dry cohesionless soils.

The finite element method can be applied to the fault rupture
propagation problem provided the soil's nonlinear stress-dependent
stress-strain behavior is properly or at least adequately modeled.
Linear elastic-perfectly plastic soil constitutive models produced
inconsistent results when employed in the finite element method, but
nonlinear stress-deformation behavioral models provided significantly
better predictions of observed behavior. Although based on continuum
mechanics, the finite element method appears to be capable of
modeling the development of shear and tension zones during fault
rupture propagation with sufficient accuracy as to represent a useful
engineering tool.

The anchor pull-out analogy proved to be extremely useful. Model
testing of anchors in soft clay indicate that the amount of anchor plate
displacement necessary to predict failure in the soil above the anchor
was primarily dependent on the soil's failure strain. Moreover, the
soil's axial strain at failure (maximum deviatoric stress) in an
unconfined triaxial compression test appears to define the soil's failure
strain during soil rupturing reasonably well.

Numerical analyses of the boundary deformation problem indicated
that the coefficient of lateral earth pressure at rest was likely to be an
important soil parameter.

Mining subsidence, in general, cannot be used as an analogy of fault
rupture propagation. The mechanics of mining subsidence and

earthquake fault rupture propagation differ significantly.
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13. Field observations, laboratory data, and numerical analyses indicate

that both stress characteristics and kinematic constraints combine to
contro] the behavior of the soil above the bedrock fanlt movement. A
highly stressed region forms above the edge of the upthrown block and
stress reduction occurs to the side of the edge of the upthrown block
during dip-slip fault movement. Although failure may occur in these
zones of stress increase and stress reduction, the final failure surface
must be kinematically admissible, and hence, it must bend over the
downthrown block. Figure 4-7 illustrates this two-phase development

of the shear rupture zones in the soil overlying a dip-slip bedrock fault.

Shortcomings in the Current Level of Understanding

The review of the field observations, laboratory data, and numerical results

currently available identified these shortcomings in the current level of

understanding of the effects of tectonic movements on stresses and deformations in

earth embankments:

No well-documented case history exists which describes how earth
dams respond to base rock fault displacements.

No well-documented case study exists which describes how a deep soil
deposit (i.e. depth greater than 50 feet) responds to a base rock fault
displacement. Previous studies have focused on surface expressions of
faulting, relatively shallow exploratory trenches (i.e. less than 20 feet in
depth), and interpretations of surficial geologic evidence.

Results from model tests of earth dams of substantial height offset by

fault movements are not available. To date only homogeneous
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prototype earth embankments less than 20 feet high have been
modeled in the laboratory.

4. Results from fault rupture propagation model tests of saturated clay or
saturated sand under undrained conditions are not available.

5. No reliable analyses have been performed to study the effects of
tectonic movements on stresses and deformations in earth dams.

6. Likewise, no analyses have been performed to study fault rupture
propagation through saturated clay or saturated sand under undrained
conditions.

7. Finally, the hydraulic conductivity along newly formed shear fractures

in earth materials 1s not known.

Considerable effort, therefore, must be devoted to items 2, 3, 4, 5, 6 and 7
above until well-documented full-scale earth dam/fault rupture propagation case
histories become available. The studies presented in subsequent chapters are
directed towards development of analytical procedures suitable for evaluating‘ the
stresses and deformations in earth embankments generated by tectonic
movements. Of course, tectonic vibrations accompany tectonic movements.
Because of the inherent complexity of this dynamic, as well as static, problem, only
one part of the problem will be addressed here. Relatively much attention has
been devoted to understanding the dynamic response of earth embankments to
seismic loadings. It is hoped that an improved understanding of the static
boundary deformation problem will assist the engineer who must design against the

simultaneous application of static and dynamic loads on an earth embankment.
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CHAPTER SIX:
MODEL TESTING OF FAULT RUPTURE
PROPAGATION THROUGH SATURATED CLAY

6.1  Introduction

The review of literature presented in Chapters Two through Five showed
that results from prior model tests of fault rupture propagation through saturated
clay under undrained conditions are not available. Although the results from
previous studies involving testing of dry sands provide valuable insights, the
applicability of these results to saturated clay is questionable. Yet, the saturated
clay core is the critical component of an earth dam. Accordingly, it would be
useful to explore the effect of base rock fault movement on the integrity and
serviceability of the saturated clay core of an earth dam. To isolate critical
parameters for a more in-depth study of their influence on the response of
overlying, saturated clay materials to a base rock fault displacement, a program of
controlled laboratory model testing was performed. The results of these tests,
performed using 1 g small-scale models composed of a weak saturated clay
mixture, are presented herein. Finally, lessons learned regarding the performance
of earth dams built over active faults from the model testing of fault rupture

propagation through saturated clay are discussed.

6.2 1 g Small-Scale Modeling of Saturated Clay

6.2.1 Review of Previous Studies:

A number of researchers have employed 1 g small-scale model testing to
study the behavior of saturated clay under undrained loading conditions. The
anchor pull-out work by Davie and Sutherland (1977) discussed previously in

Section 4.2 is just one example. Likewise, a considerable amount of 1 g small-scale
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model testing has been performed at the University of California at Berkeley over
the past thirty years (Seed and Clough, 1963; Sultan and Seed, 1967; Kovacs, 1968;
Kovacs et al, 1971, Arango-Greiffenstein, 1971). This previous research,
principally under the direction of Dr. H. Bolton Seed, has shown that observations
of the performance of 1 g small-scale models can provide valid insights into the
performance of prototype earth structures.

The mechanical requirements of model similitude must be satisfied in order
for the resuits of small-scale model tests to be adequately representative of the
performance of the prototype earth structure. A number of studies have analyzed
this problem and found that mechanical similitude requirements can be metin1lg
scale models if the conditions delineated in Table 6-1 are fulfilled (Hubbert, 1937,
Clough and Pirtz, 1958; Seed and Clough, 1963; Roscoe, 1968). If the unit weight
of the model and prototype soil are essentially the same, the mechanical similitude
requirements will be satisfied provided the model-to-prototype ratios of length,
modulus of elasticity, and undrained shear strength equals A, the geom‘etric scale
ratio. In cases where all of the quantities listed in Table 6-1 cannot be
simultaneously satisfied in the model, the quantities most significantly affecting the
performance of the prototype should be satisfied. For example, if elastic
deformations are important, then the ratio of the modulus of elasticity of the
model to that of the prototype must be satisfied; whereas, if inelastic deformations
in a soil mass at or near failure are important, then the clay's undrained shear
strength must be modeled properly.

In modeling earth embankments, previous researchers at the University of
California at Berkeley identified four additional factors that can influence the
validity of the extrapolation of observations of 1 g small-scale model tests to
predict the performance of the full-scale prototype earth structure. In general, the

major problems are: (1) pore-pressure changes in cohesionless materials may
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Table 6-1: 1 g SCALE MODEL SIMILITUDE REQUIREMENTS

Quantity

Required Model-to-
Prototype Proportions

Unit Weight of Soil
Lengths

Forces

Times

Accelerations

Modulus of Elasticity
Angle of Internal Friction

Undrained Shear Strength

Where ) is the Geometric Scale Ratjo
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differ in the small-scale model and in the prototype; (2) capillary forces may overly
influence the behavior of small-scale soil models; (3) soil load-deformation
behavior may be significantly different af the extremely low confining stresses in
the small-scale model; and (4) the different rates of loading in the field and in the
laboratory may alter the soil strength characteristics of the prototype and model
soils. Regarding their work on models composed of saturated clay materials, these
researchers found that: (1) in contrast to cohesionless materials, the low
permeability of the types of clay materials used in these studies adequately ensures
that drainage is not allowed during shearing; furthermore, test data indicates that
pore pressure changes in weak clays appear to be about the same (to scale) as
those measured in natural clays; (2) capillary forces do not significantly affect the
behavior of small-scale models if the clay 1s completely saturated at a high water
content and the models are "sufficiently large"; models at least 6 inches in height
are considered "sufficiently large” for the types of materials and conditions
employed in the model tests described in this chapter; (3) additionally, "sufficiently
large” soil models ensure that special soil strength characteristics which need to be
considered at extremely low confining pressures can be ignored; and (4) the effects
of the rate of loading on the undrained strength of saturated clays can be included
by adjusting the strength of the model clay for rates of loading different from the
field conditions. Therefore, careful 1 g small-scale model! testing of saturated clay
can provide valuable insights into the performance of prototype earth
embankments.

Considerable effort was devoted to finding a clay material suitable for use
in 1 g small-scale model testing. Early model studies employed a kaolinite
material having a water content of approximately 125%, but this material was
found to consolidate excessively before and during testing. The model clay must

exhibit a very low rate of consolidation so the water content, and hence, the
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strength of the clay, would remain constant during testing. In addition, the model
clay should exhibit a stress-strain behavior similar in form to that of the prototype
soil, and should have a low undrained shear strength which can be varied and
controlled so as to satisfy the scaling requirements. Investigation of a variety of
clay mixtures identified a mixture of three parts kaolinite to one part sodium
montmorillonite (based on dry weight) as the maost suitable model clay material.
This clay mixture exhibits a low rate of consolidation, suitable stress-strain
behavior, and can be mixed to various water contents resulting in a wide (and
controllable) range of undrained shear strengths. The principal engineering index
characteristics of this clay mixture, as well as of its components, are provided in
Table 6-2. The grain size distribution curves of the kaolinite and the sodium
montmorillonite or bentonite, as determined by means of hydrometer analysis, are
presented in Figure 6-1. This clay mixture (hereinafter referred to as model clay)
was successfully employed in a number of model studies of earth embankments
(Seed and Clough, 1963; Sultan and Seed, 1967, Kovacs, 1968; Arango-
Greiffenstein, 1971). |

As shown in Figure 6-2, the undrained shear strength of the model clay can
be adjusted in a controlled fashion over a wide range by manipuiation of the model
clay's water content. As shown in this figure, the work performed by previous
researchers in evaluating and documenting this relationship between water content
and undrained shear strength has been updated with additional data developed in
this study. Varying the water content of the model clay from 230% to 80%
produced clay materials with undrained shear strengths of on the order of 2 psf to
100 psf. Unconfined triaxial compression tests by Kovacs (1968) indicated that the
stress-strain behavior of the model clay was relatively brittle with failure as defined
by the maximum deviatoric stress occurring at or before 5% axial strain. Although

not stated, it is believed that the unconfined compression tests were performed on
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Property Kaolinite Montmorillonite 3:1 Mixture
Brand Name Huber-45 Yolclay Premium Gel --
Specific Gravity 2.60 2.78 2.64
Liquid Limit 38% 516% 140%
Plastic Limit 24% 34% 22%
Plastic Index 14% 482% 118%
Natural Moisture 0.7% 15% --
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mode] clays at low water contents since a cylindrical sample with a height of
several inches would not stand unsupported at higher water contents. In addition,
these model clay triaxial samples were cured for 24 hours prior to shearing,
because the actual 1 g small-scale model tests were conducted 24 hours after
placement of the model clay.

Large direct-shear box tests (12 x 12 inches) were conducted to determine
the load-deformatic;n behavior of the clay. Results from a series of large direct-
shear tests are presented in Figure 6-3. Three characteristics of the clay are
illustrated in these stress-deformation curves: (1) 'fhe model clay is highly
thixotropic, gaining strength over time; (2) The soil exhibits a post-peak reduction
in strength ("sensitivity” or "strain softening"”), especially after being allowed to cure
for some time (The model clay is, however, only slightly sénsitive and the reduction
from peak to residual undrained shear strength appears to represent a strength
decrease on the order of only 5% to 15%); and (3) The deformation at failure
(analogous to the soil's failure strain) depends on the water content and the age of
the model clay. In general, it was felt that the load-deformation behavior of the
mode] clay was reasonably similar (to scale) to that of the prototype clays.

On the other hand, the use of the model clay in 1 g small-scale model
experiments also posed some potential problems. First, as portrayed in Figure 6-3,
the model clay displayed pronounced thixotropic effects. A series of tests were
performed to quantify the effects of thixotropic gains in strength. As shown in
Figure 6-4, the model clay exhibited a gain in peak undrained shear strength of
around 30% after a period of just one day. However, for model clay mixtures at
water contents below approximately 130%, it was found that the thixotropic
strength gain would be less than 10% after a period of one hour. Due to ‘this
thixotropic effect, it was necessary to remold the model clay before use to ensure

its strength could be reliably determined. Boundary effects significantly affected
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the results from actual model tests utilizing the model clay because of the high
adhesion between the model clay and the walls of the box used for the model tests.
The model clay was sticky and difficult to handle. In fact, the clay had to be placed
by throwing it into the model box. Volume change tests, however, indicated that
the placed model clay was nearly saturated and that even with some air bubbles
entrapp'ed, the placed material behaved as an incompressible saturated clay. A
special displacement pump was required to adequately mix the clay mixture at high
water contents and a large rotary mixer was required at lower water contents. It
took eight hours ta prepare 6 cubic feet of model clay. Nevertheless, the model
clay proved to be an excellent modeling material because of its generally suitable

stress-strain, strength, and volume-change characteristics.

6.2.2 Properties of the Clay Employed in 1 g Small-Scale Model Tests:

The work performed by most of the previous researchers appears to
indicate that the most critical characteristic of the clay employed in 1 g small-scale
model testing of the fault rupture propagation phenomenon was its strength.
Clearly, the disturbed soil mass deformed inelastically during the fault rupture
process. To satisfy similitude requirements in modeling large prototype earth
embankments, 1 g small-scale models required weak clay materials. Previous
model studies typically employed clays with water contents above 200% so
undrained shear strengths were less than 10 psf. Trial base deformation model
tests utilizing high water content/low shear strength clay mixtures, however,
produced unreasonable results. The model clay "flowed” around the displaced base
section without creating a clearly defined failure surface. Failure did not
propagate to the surface of the clay model without excessive base deformation. It
appeared that the model clay at high water contents and extremely low shear

strengths possessed the viscous type of failure behavior that Sutherland had warned
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about in hvis 1988 Rankine Lecture (See Section 4.2.2), Of course, in modeling
fault rupture propagation, the failure behavior of the model clay must be similar to
that of the prototype clay.

One of the interésting results from the previous model studies of earth
embankments was an observation made by Arango-Greiffenstein (1971) regarding
slope failure in clay embankments. He found that the locus of points of maximum
shear strain in the model clay bank seemed to best define the extent and geometric
characteristics of the yielding soil mass. It was not surprising that the failure planes
developed within the zones of maximum shear strains, and this serves to illustrate
the importance of using a material which can, with suitably "scaled” shear strength,
still "fail" at a representative shear strain. The clay material used in these studies
should satisfy this important modeling criterion.

The examination of the results from the anchor pull-out tests conducted by
Davie (1973) further highlighted the importance of the stress-strain behavior of the
material employed in the small-scale model including, in particular, the failure
strain of the clay. Although unconfined compression tests conducted after 24 hours
of thixotropic hardening of clay mixtures at low water contents indicated that the
model clay failed at or below 5% axial strain, similar strength test data was not
available for the softer clay material at higher water contents. Large direct-shear
tests were conducted on the wetter clay mixtures, but it was difficult to assess
whether the nonuniform distributions of stress and deformation across the large,
soft samples affected the observed load-deformation behavior. The large direct-
shear tests of high water content clays did, however, show that the deformation
required to produce failure decreased as the water content decreased and as the
time after placement increased (See Figure 6-3). Proper modeling of fault rupture

propagation should be performed using a clay with a failure strain similar to that of
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the prototype soil. Additional testing was thus required to ensure that this
stipulation could be satisfied.

Since trial base deformation model tests employing high water content clay
mixtures (e.g. water contents greater than 2009%) produced behavior inconsistent
with that observed in the field, models employing the clay at lower water contents
were constructed. At lower water contents, and thus, higher strengths, however,
the 1 g small-scale models could not represent large prototype earth embankments.
Moreover, at low water contents, the model clay was extremely difficult to handle
and to place without excessive entrapment of air. The trial base deformatidn
model tests found, however, that the clay mixture at medium water contents (e.g.
water contents between 100% and 150%) exhibited reasonable failure
characteristics, and that it could be satisfactorily "placed” in the model box. Upon
base deformation in the actual model tests, the model clay initially warped slightly,
but then ruptured on distinct, visible failure planes. A base deformation of on the
order of 5% to 20% of the height of the clay sample was necessary to propagate
the rupture to the top surface of the sample. Additionally, since the undrained
shear strength of the model clay at the medium water contents was on the order of
20 to 60 psf, 1 g small-scale models of about one foot in height could be employed
to represent prototype earth embankments on the order of 50 to 200 feet high
(This was true provided the undrained shear strength of the prototype clay material
was on the order of 2000 to 4000 psf). Most importantly, the failure strain of the
soil at the medium water contents appeared to be in a range that was reasonably
suitable for modeling earth dams composed of saturated compacted clay cores (i.e.
5% to 20% axial strain at failure in triaxial tests).

As mentioned earlier, additional strength testing was necessary to define the
stress-strain behavior of the model clay at water contents of between 1009% and

150% and to validate the use of this clay in fault rupture propagation model tests.
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Thus, a series of nine stress-controlled unconfined triaxial compression tests were

performed to define the stress-strain characteristics of the model clay over the

range of water contents to be employed in the 1 g small-scale fault rupture

propagation model tests performed as part of this study. The results of these

triaxial tests are presented in Figures 6-5, 6-6 and 6-7. Photographs of two of these

unconfined compression tests are shown in Figure 6-8.

The results from the unconfined compression tests were fairly consistent

(e.g. the 5 test results shown in Figure 6-5 agree quite closely). Because of the

clay's extremely low strength, the 1.4 inch test samples failed at apblied axial

deviatoric loads of only three quarters of a pound. A special triaxial test apparatus

was developed to test the model clay at low strengths. Test samples were formed

in split molds lined with plastic wrap greased on the outside with the cornrnercially’
available "PAM" nonstick cooking spray for easy removal. The plastic wrap could

then be carefully peeled away before testiﬁg. A special lightweight acrylic top cap

was used and a ball bearing replaced the usual loading rod. The load was applied

by gradually adding decreasing amounts of small weights at regular intervals to

maintain a fairly constant strain rate. Axial deformations were measured with a

LVDT and recorded by a data acquisition program running on an IBM PC-AT
microcomputer with A/D capacity. As shown in the photographs in Figure 6-8, the

samples failed in the lower half of the sample because the self-weight of the sample

significantly increased the stress in this region. Hence, half of the weight of the

sample was assumed to be included in the applied axial load. The consistency of
the test results provides good support for the reliability of the unconfined

compression testing procedure as a basis for evaluation of material strength and

stress-deformation characteristics. Furthermore, as shown in Figure 6-2, the

strengths determined by the nine stress-controlled unconfined triaxial compression

tests compared favorably with the strengths determined in previous studies.
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Test results on the clay at water contents of approximately 130% and tested
immediately after placement are shown in Figure 6-5. The undrained shear
strength of the model clay at this water content varied from 30 to 35 psf, with the
majority of the tests failing at 32 to 33 psf. The stress-strain behavior of the model
clay resembled that of natural soils. The shape of each of the stress-strain curves
mirrored the traditional hyperbolic shape of the stress-strain curves of natural soils.
Finally, the model clay consistently failed at an axial strain of between 10% and
12%. This level of strain at failure is in reasonable agreement with "typical” results
of undrained triaxial compression tests of soft, saturated natural clays and
compacted clays.

The capability of varying the model clay's failure strain in a controlied
fashion was a desirable property of the clay in this study. Realizing the potential
importance of a soil's failure strain, the model clay was tested under different
conditions to note the resulting variations in the clay's failure strain. Figure 6-6
shows that the axial failure strain in unconfined compression tests redﬁced from
between 10% and 12% to between 8% and 10% when the water content of the clay
dropped from 130% to 105%. At a water content of 105%, however, the model
clay was quite stiff and difficult to place without large pockets of entrapped air.
Moreover, this relatively slight reduction in the failure strain was not judged to be
large enough to cause significant variations in the performance of the clay. In
previous studies when the model clay was allowed to sit before testing, the failure
strain of the soil decreased. Hence, the mode! clay at a water content of 130% was
tested 24 hours after placement. As shown in Figure 6-7, the failure behavior was
significantly more brittle with failure occurring at around 6% to 7% axial strain.
The thixotropic strength gain, however, was less than 15%. On the other hand,
slowing the imposed shearing or strain rate by an order of three, was found to

increase the failure strain to between 14% and 16%. The model clay's strength
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remained at around 32 pcf. At the slower strain rate, the clay's creep behavior
became more dominant, as shown in Figures 6-7 and 6-8, and the clay displayed
more ductile stress-strain and failure behavior. These variations in the material's
failure strain could be used in small-scale model tests to investigate the hypothesis
that a soil's failure strain is a major factor in determining the rate at which a base

rock fault rupture propagates through overlying soil deposits.

6.2.3 Description of the Clay-Box Model Test Apparatus:

The clay-box model test apparatus is shown in Figure 6-9. The box was 42
inches long, 12 inches wide, and 24 inches high. The left half of the box could be
moved up or down either vertically or at angles of 60° and 45°. The box was
composed of half-inch thick stiff acrylic glass so that maximum deflections of the
glass bottom and walls would be less than 0.05 inches, or 0.4% of the box
dimensions, under the loading applied by the clay within the box. In addition, rigid
steel and aluminum stiffening angles and beams were added to further reduce
deflections of the walls of the box and especially the movable base section. The
movable base section could be moved up or down through a displacement of §
inches at a constant rate of deformation with good control by means of a sensitive
hydraulic jack.

The major difficulty in the fault rupture propagation model testing program
was the high adhesion of the clay material to the walls of the testing box. Previous
studies had showﬁ that these boundary effects could be significant. A wide clay-
box could be used to reduce the damaging effects of side friction at the clay-wall
interface, but the growth of the nipture zone within the middle of the clay could
not be observed during testing. Furthermore, cutting of the model clay at water
contents greater than 100% smeared the failure planes that developed within the

clay. As a result, the propagation of the fault rupture through the clay could only
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THE CLAY-BOX MODEL TESTING APPARATUS. THE BOX
WAS 42 INCHES LONG, 12 INCHES WIDE, AND 24 INCHES

HIGH. THE LEFT HALF OF THE BOX COULD MOVE UP OR
DOWN AT SELECTED ANGLES
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be "observed" near the glass walls of the clay-box. Hence, an exhaustive search for
a suitable low-friction interface material was conducted. Trial fault rupture
propagation model tests found that the "PAM" nonstick cooking spray adhered to
the acrylic glass during clay placement and formed a low-friction interface between
the clay-box walls and the sticky clay mixture. The "PAM" was sprayed onto the
side walls of the acrylic glass box 24 hours before the model clay was placed in the

- box, and was very effective in reducing clay/wall adhesion. The effectiveness of
the "PAM" low-friction interface will be demonstrated by the model test results.

As in previous studies, the model clay was placed into the clay-box testing
apparatus using techniques designed to reduce the amount of the air voids in the
clay and to reduce disturbance of the "PAM" low-friction interface. Volume
measurements of the clay before and after base deformation indicated that even
with a few air voids in the clay the soil deformed essentially without volume
change. Hence, the clay properly modeled the incompressible saturated clay
prototype material under undrained loading conditions. Numerous attempts were
made to install horizontal markers of different colored soil to assist in the
observation of rupture planes. Installing multiple horizontal marker layers of soil,
however, often disturbed the "PAM" low-friction interface. Hence, markers were
usually not installed in the model tests. When installed, these markers varied in
width and were only approximately horizontal.

Before the "PAM" low-friction interface proved effective, attempts were
made to turn the high wall adhesion of the model clay into an advantage. Bray and
Goodman (1981) have shown that horizontal base friction models employing a
sand-flour-oil mixture could approximate the increased gravitational field
developed in a centrifuge machine. Since trial tests indicated that the model clay's
wall adhesion was approximately equal to its undrained shear strength, it was

hoped that a top and base friction machine employing clay at shear strengths of
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around 60 psf sandwiched between two closely spaced horizontal plates of acrylic
glass could represent a vertical deposit of clay with a gravitational load of 120 pcf.
As the base section was forced into the model clay sandwiched between the
horizontal plates which were about a quarter of an inch apart, the wall adhesion of
60 psf on the top and bottom plates applied a combined load of 120 psf on the clay.
Hence, the soil's unit weight could be approximated by the skin-friction developed
on the top and bottom plates as the base section pushed the soil in a horizontal
direction.

Results from trial tests utilizing the horizontal top and base clay friction
model are shown in Figure 6-10. Figure 6-10(A) shows a failure pattern similar to
that observed for shallow anchor pull-out tests. Figure 6-10(B) shows how
application of the "PAM" low-friction interface material destroys the top and base
friction effect and produces unreasonable behavior. Whereas the horizontal top
and base clay friction apparatus could model thrust fault movements at
orientations of 90°, the testing apparatus could not model movemenfs on base
faults dipping at other angles. The orientation of the side friction force would
always be parallel to the movement of the base section. For example, a model of a
45° thrust fault would incorrectly produce a situation where the gravitational force
of the soil's weight acts at an orientation parallel to the 45° thrust movement,
whereas, in reality, gravity in a vertical soil deposit acts vertically downward or at
an angle of 45° to the direction of this thrust fault movement. Nonetheless, these |
brief "pilot” studies suggest that, the horizontal top and base clay friction model
could be useful in other studies where the gravitational force is aligned with the

principal direction of the soil movement.
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(B) Vertical Thrust Movement without Gravity
("PAM" applied to the top and base friction plates)

Figure 6-10: RESULTS OF TRIAL TESTS UTILIZING THE HORIZONTAL
TOP AND BASE CLAY FRICTION MODEL
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6.3 1 g Small-Scale Model Tests of Fault Rupture Propagation

through Saturated Clay

6.3.1 Overview of Clay-Box Model Testing Program:

The details of the clay-box model tests of fault rupture propagation through
saturated clay are described in Table 6-3. A total of eleven tests were conducted
over a period of three weeks. Models subjected to the 90° thrust/normal fault
displacements investigated the performance of saturated clay materials overlying
bedrock faults at nearly vertical orientations. These bedrock fauits could be high
angle thrust or normal faults, or strike-slip faults with a significant vertical
component of movement. Moreover, this series of model tests allowed for the
observation of the development of the "inverted footing" type of failure followed by
the "anchor pull-out” type of‘ failure hypothesized to occur above uplifted
horizontal anchor plates as described in Section 4.2 (See Figure 4-7).
Furthermore, the effectiveness of the "PAM" low-friction interface could be
ascertained by observing differences between the 90¢ thrust fault and 90* normal
fault model tests. Additionally, a series of model tests were conducted for 60°
normal fault movements and 60° thrust fault movements. In these experiments,
the effect of the orientation of the fault plane could be examined. Finally, the
failure strain of the clay employed in the 60° thrust fault models was varied to note
the significance of this parameter in the rate of fault rupture propagation.

The model clay was mixed in a large rotary mixer and stored in an airtight
55 gallon drum lined with a rubber bag. The model clay not contaminated by the
"PAM" interface material was reused in the model tests. During the testing period,
the water content of the model clay slightly decreased but remained within the
range of 130% to 136%. The undrained shear strength and the failure strain values
of the model clay reported in the study were believed to be correct to within *

10%. Typically, the model tests reached the failure condition in about one minute.
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Table 6-3: SATURATED CLAY-BOX DIP SLIP FAULT RUPTURE
PROPAGATION TESTING PROGRAM

SATURATED CLAY PROPERTIES

Test Base Fault Soil Depth we Su €f Shearing
(inches) (%) (psf) (%) Rate
1 90 ° Thrust 10.6 136 30 11.5 Fast
2 90° Thrust 10.6 136 30 11.5 Fast
3 90° Thrust 11.0 136 30 11.5 Fast
4 90° Normal 10.6 134 31 11 Fast
5 90° Normal 6.9 134 31 11 Fast
6 60° Normal 79 132 31 11 Fast
7 60° Normal 9.4 132 31 11 Stage 1. Slow
Stage 2: Fast
8 60° Normal 9.4 132 31 11 Fast
9 60° Thrust 9.4 130 32 11 Fast
10 60° Thrust 9.8 130 32 6.5 Fast {Clay
cured 24 hours)
11 60° Thrust 6.3 130 32 15 Slow

Note: Fast Tests were completed in 30 - 60 seconds

Slow Tests were completed in 120 - 180 seconds
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As stated earlier, the clay-box tests modeled the behavior of a prototype saturated
clay profile which was on the order of 50 to 150 feet deep. The results of the
model] tests are presented in the following sections. The results are presented in
the form of sketches of the observed failure patterns. The development of the
failure patterns as well as the amount of base deformation necessary to propagate

the fault rupture to the surface of the clay sample are noted.

6.3.2 90° Thrust Fault:

The results from three model tests where half of the base displaced upwards
along a vertical fault plane are presented in Figures 6-11, 6-12, 6-13, and 6-14, The
results of these three tests were in close agreement with each other. Initially, the
rupture propagated over the upthrown block. At larger base deformations, the
rupture zone was expressed as a series of nearly vertical shear planes. Finally, the
main rupture bent over the downthrown block and broke the surface at a base
displacement (offset) of around 10% to 16% of the depth of the clay layer. At this
later stage, tension zones developed at the base of the stationary block near the
fault and at the surface of the clay above the uplifted block. In two of the tests,
nearly horizontal shear planes were observed in the rupture zone region before the
development of the nearly vertical main shear rupture. Since the model clay was
thrown into place and not rolled into place in distinct soil layers, these horizontal
shear planes did not form because of existing planes of weakness in the soil.
Instead, these failure planes appeared to be the complementary shear planes of the
nearly vertical main shear rupture plane. Again, in the top of the clay layer, the

horizontal shear planes formed before the vertical shear planes formed.

6.3.3 90° Normal Faults:
The results from two model tests where half of the base displaced

downward along a vertical fault plane are presented in Figures 6-15 and 6-16. The
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Figure 6-14: PHOTOGRAPH OF MODEL TEST #2: 50° THRUST FAULT
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results of these two tests were in close agreement with each other and with the
results of the 90° thrust fault model tests. The development of the shear planes
and tension zones in the clay overlying the vertical normal fault movements was
essentially identical to the development of failure planes in the 90° thrust fault
model tests. Hence, the "PAM" low-friction interface appeared to dramatically
reduce the potentially deleterious effects of the otherwise high wall adhesion of the
clay mixture. If wall friction significantly affected the development of the failure
planes in the model clay, the normal and thrust fault model tests would have
displayed inconsistent results. Furthermore, the main rupture broke the clay
surface along a relatively straight line across the width of the sample. The model
clay away from the side walls behaved like the model clay adjacent to the side wall
"PAM" interface. Finally, after the test, when the model clay was being removed
from the clay-box, the clay readily fell away from the side walls coated with "PAM".
Therefore, the effect of side friction on the results of these model tests was judged
to be fairly minor.

The height of the clay layer was reduced from approximately 105 inches to
less than 7 inches in model test S to determine if variations in the height of the soil
layer affected results. Overall, the failure patterns observed in model tests of
different heights were similar. The occurrence of vhorizontal shear planes at the
top of the clay layer, however, was more pronounced in the model test conducted
on the thicker clay layer. In general, model tests conducted with depths of the clay

layer from 6 inches to 12 inches displayed similar patterns of behavior.

6.3.4 60° Normal Fault:
The results from three model tests where half of the base displaced
downward along a normal fault plane dipping at an angle of 60° are presented in

Figures 6-17, 6-18, 6-19, 6-20, and 6-21. The failure pattern formed in the clay
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Figure 6-20: DEVELOPMENT OF GRABEN ABOVE THE DOWNTHROWN
BLOCK DUE TO A 60 NORMAL BASE FAULT
DISPLACEMENT



238

(B) Model Test #8: Case Where Only One Main Ruprture Formed

Figure 6-21: PHOTOGRAPHS OF TWO 60° NORMAL FAULT MODEL
TESTS
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overlying a 60° normal fault movement was more complex than those previously
observed in the vertical fault displacement model tests. Typically, the base
deformation produced two main rupture planes with a zone of highly disturbed soil
between the primary ruptures. The rupture zone was located on the downthrown
block side of the projection of the 60° base fault. The primary rupture planes
surrounding the rupture zone increased in dip as they propagated to the surface of
the clay layer. The dip of rupture planes in the model clay increased to around 80°
as they broke the surface.

The sequence of the development of the individual shear planes in the
model clay overlying a 60° normal fault movement was similar to that observed in
the vertical fault movement model tests. Initially, a shear plane formed over the
upthrown block just inside the projection of the base fault. Rather than
terminating as the base deformation continued, this failure plane, however, began
to bend back toward the downthrown block, increasing in dip as it rose to the
surface. Meanwhile, the second main rupture plane formed on the downthrown
block side of the first shear plane. This second shear plane refracted at the soil-
base contact and propagated to the surface increasing in dip as it rose. During the
development of the two main rupture planes, secondary vertical and horizontal
shear planes formed in the rupture zone between the two main rupture planes.
With additional base movement, a tension zone developed over the downthrown
block adjacent to the base fault.

In model tests 6 and 8, a vertical base deformation (offset) of around 10%
to 13% of the depth of the soil was required to propagate the main rupture zone to
the surface of the clay layer. Whereas, in model test 7, a vertical base deformation
(offset) of between 12% and 16% of the depth of the soil was required to produce
a shear rupture at the top of the clay layer. Model test 7 was initially conducted at

a slow base deformation rate to allow for easier observation of the development of
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the shear rupture zone. At the slower rate of base deformation, however, thev
behavior of the clay appeared to be notably different than that observed when‘
failure was produced in only 30 to 60 seconds. As unconfined compression tests
confirmed (see Figure 6-7), the model clay exhibited a more ductile behavior at
slower rates of strain. Creep effects became apparent. The failure strain of the
model clay increased. Hence, slightly more base deformation was required to
propagate the shear rupture to the surface of the clay layer. In Stage 2 of model
test 7, the rate of base deformation was increased to the usual speed and the model
clay behaved similarly to that observed in the other model tests. Thus, the ductility
or the brittleness of the overlying soil seemed to significantly affect the rate of fault
rupture propagation.

The model tests furnished a number of other pertinent observations of the
fault rupture propagation phenomenon in saturated clay soils. The sketches clearly
showed that the amount of differential movement across the distinct failure planes
formed in the soil decreased as the fault rupture propagated to the surface. For
example, in moael test 6 (Figure 6-17), when the vertical offset was nearly 1 inch,
the vertical offset in a marker which crossed the shear plane at midheight was
approximately 0.2 inches. At the surface, the vertical offset across the failure plane
was less than 0.1 inches. Once the rupture plane was fully formed, however, the
amount of additional vertical offset at the surface of the clay layer was almost as
much as the additional amount of additional vertical offset at the base. The
multiple shear planes which increased in dip as they approached the surface
produced graben features in the surface of the clay layer. The photograph in
Figure 6-20 shows the graben created above the downthrown block during a 60°

normal base fault displacement in model test 6.
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6.3.5 60° Thrust Fault:

The results from three model tests where half the base displaced upwards
along a fault plane dipping at an angle of 60° are presented in Figures 6-22, 6-23,
and 6-24. The development of the shear rupture through the clay and the down-
warping of the clay surface with increasing base deformation are shown in Figures
6-25 and 6-26. The shape of the shear rupture through the soil was remarkably
similar in these three tests. In all three experiments, the main fault rupture initially
propagated up over the upthrown block just on the upthrown block side of the
projection of the base fault plane. As the main fault rupture approached the top
surface, it began to decrease in dip, bending over the downthrown block and
breaking the surface on the downthrown block side of the straightline projection of
the base fault. At larger base deformations (offsets), tension zones were observed
at the top surface in a zone of extension above the upthrown block. Similar to the
other model tests results, the differential movement across the fault plane
decreased as the shear plane propagated to the surface of the clay layer. After the
rupture reached the surface of the clay layer, the offset across the rupture
remained less than the additional offset across the rupture at the base and at
midheight of the clay layer. Much of the differential movement across the base
fault was accommodated by the extensive down-warping of the surface of the clay
above the upthrown block. Notice the surface expression of the 60° thrust base
fault movement in Figure 6-26.

Although the general characteristics of the shape of the rupture zone were
remarkably similar in the three model tests, the results differed significantly in one
important aspect. Different magnitudes of base deformation were required to
propagate the fault rupture to the surface of the saturated clay layer. The different
rates of fault rupture propagation were produced by employing materials in each of

the tests with different stress-strain properties, in particular, different failure



242

7
Clay v
Rupture
// LSRN Scale (inches)
.
0 1 2

(A) Front Side of Clay-Box

Normalized Vertical Base Deformation When
Rupture Propagated to Surface (dp/Dg)= 10% - 11%

Failure Strain of Soilss 10% - 12%

Ve Zd
Clay

V74

Horizontal Marker

e

Note: Marker offset 2.2 inches when vertical
base deformation was 2.8 inches.

Rupture

Scale (inches) R \\

sam

0 1 2 B Back Side of Clay-Box

Figure 6-22: RESULTS OF MODEL TEST #9: 60° THRUST FAULT; CLAY
WITH AVERAGE FAILURE STRAIN



243

P
Tension here later ——’ 4 a
ay
Rupture >
Harizontal Marker
AL L
/ R Scale (inches)

oo m |
D 1 2

(A) Front Side of Clay-Box

Normalized Vertical Base Deformation When
Rupture Propagated to Surface (d,,/Dg)~ 6%

Failure Strain of Soil= 6% - 7%

e
— Tension here later

pZd
Clay

Horizontal Marker

Note: Surface offset 0.8 inches and 1.2 inches and
top marker offset 1.2 and 1.8 inches when
vertical base deformation was 1.9 and 2.5 inches,

Horizontal Marker

respectively. Rupture
Scale (inches) SRR _ \
arm
o 1 2

(B) Back Side of Clay-Box

Figure 6-23: RESULTS OF MODEL TEST #10: 60° THRUST FAULT; CLAY
WITH LOW FAILURE STRAIN




244

Clay S
Y
Rupture
/ J2e2329038 Scale (inches)
arm
o ' 2
(A) Front Side of Clay-Box
Normalized Vertical Base Deformation When
Rupture Propagated to Surface (dp/Dg)=  11% - 13%
Failure Strain of Soil= 14% - 16%
S
Clay
Harizontal Marker
Rupture
Note: Marker offset 0.7 inches when vertical
base deformation was 1.6 inches.
Scale (inches) TR \
.
o 1 2

(B) Back Side of Clay-Box

Figure 6-24: RESULTS OF MODEL TEST #11: 60° THRUST FAULT: CLAY
WITH HIGH FAILURE STRAIN



245

(A) 1.4 inches of Vertical Baze Displacement

Figure 6-25: FAULT RUPTURE PROPAGATION THROUGH SATURATED
CLAY. MODEL TEST #9: 0600 THRUST FAULT



246

Figure 6-26: DISTURBANCE OF THE CLAY SURFACE WITH
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strains. Model test 9 was performed under conditions similar to those of the
previous eight model tests. The clray under these conditions failed in shear in
unconfined compression tests at axial strains of 109 to 12%. A vertical base
deformation (offset) of 109% to 11% of the depth of the clay layer was required to
propagate the rupture to the top surface. Model test 10 was performed under
essentially identical test conditions except that the model clay was left undisturbed
for 24 hours before testing (without a reduction in water content). As shown in
Figure 6-7, the model clay stiffened when allowed to sit undisturbed for a period of_
24 hours. Under these conditions, the model clay failed in the unconfined
compression test at an axial strain of 6% to 7%. Likewise, a vertical base
deformation (offset) of only 6% of the depth of the clay layer was required to
propagate the rupture through the more brittle clay material employed in model
test 10. Finally, model test 11, which was performed at a slow rate of base
deformation, required a vertical base deformation (offset) of 119% to 13% of the
depth of the clay to form a shear rupture through the saturated clay ovérlying the
base fault. Unconfined compression test data indicated that the model clay
behaved in a more ductile manner at slower rates of strain.

Figure 6-27 illustrates the previous points more clearly. In this graph, the
results from the model tests (#9, #10, #11) utilizing materials with different
failure strains are plotted. The magnitude of the vertical base offset required to
propagate the shear rupture zone through the soil to the ground surface divided by
the height of the clay layer is plotted aéﬁinst the axial failure strain of the clay
materials in unconfined compression tests. The data indicates that as the soil
overlying the bedrock fault displacement becomes more brittle (i.e. the failure
strain decreases), the shear rupture zone in the soil propagates further at a given
magnitude of base offset (i.e. the normalized base offset required to propagate the

shear rupture zone to the ground surface decreases).. Although additional work is
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required to validate the use of such a graph, the general trends of the plotted

model test results seem appropriate.

64 Lessons to be L earned from 1 g Small-Scale Model Testing of Fault

Rupture Propagation through Saturated Clay

In the past, a number of 1 g small-scale models employing a weak kaolinite-
bentonite clay mixture have reasonably portr-ayed the essential characteristics of
the performance of full-size prototype earth structures. It is therefore not
surprising that in this application, the 1 g small-scale model tests provided valuable
insights into the base deformation problem. The results of the model tests of fault
rupture propagation through saturated clay compared favorably with the general
behavior of fault rupture propagation phenomenon as documented in the reviewed
field studies described in Chapter Three. Furthermore, the results from these
model tests agreed with the published results of other model studies of fault
rupture and anchor pull-out described in Chapters Three and Four. Therefore, the
1 g small-scale model experiments were judged to reasonably correctly represent
the behavior of a natural saturated clay soil overlying a displaced bedrock fault.

The kaolinite-bentonite clay mixture satisfied the principal mechanical
requirements of model similitude. The critical properties of the c]ay‘ could be
controlled to provide a model material with reproducible, consistent characteristics
of behavior. The model clay's water content clearly defined its undrained shear
strength. Moreover, the mode! clay and testing procedures could be adjusted to
vary the stress-strain behavior of the model material, in particular, its failure strain,
The model clay performed best in the fault rupture mode! tests at water contents
from 110% to 150%. At lower water contents, the clay was difficult to handle. At
higher water contents, the clay exhibited a more viscous type of behavior at failure

and distinct failure planes were difficult to observe. Models which were 6 to 12
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inches in height provided good results. Given the undrained shear strength of the
model clay material (i.e. around 30 psf), the clay-box model tests represented
average strength prototype clay deposits (i.e. 2000 to 4000 psf) which were on the
order of 50 to 150 feet deep. The "PAM" low-friction interface material
successfully eliminated the problem of the clay's high wall adhesion and sufficiently
reduced the disturbance caused by side wall boundary effects. Hence, the

- development of the shear rupture zone and tension zones in the clay overlying a
displaced bedrock fault could be readily observed.

Unconfined triaxial compression tests adequately defined the clay's stress-
strain characteristics. The undrained shear strength values from carefully
performed unconfined compression tests agreed with the strength values reported
in previous studies. The laboratory testing program showed that the stress-strain
behavior of the clay mixture was not necessarily brittle as reported in previous
studies. instead, at different water contents, at different times between placement
and testing, and at different strain rates, the model clay exhibited both brittle and
ductile behavior. In studying fault rupture propagation with eventual application
to the problem of fault rupture propagation through earth dams with core sections
composed of saturated compacted clay materials, the model clay was judged to
adequately represent the prototype material when its axial strain to failure
remained within the range of 5% to 15%. Hence, the\majority of the tests were
performed with the model clay exhibiting a failure strain of around 10%.

The results from the 1 g small-scale model tests indicated the following.
Initially, a highly stressed region of soil formed above the upthrown block. Shear
fractures were typically observed in this region. This constituted the "inverted
footing" stage of failure described in Section 4.2 and illustrated in Figure 4-7. At
larger base deformations (offsets), kinematics began to control the development of

the rupture zone. The main rupture typically propagated up along the projection
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of the underlying base fault plane and bent over toward the downthrown block as
the rupture approached the surface of the clay. This constituted the "anchor pull-
out" stage of failure illustrated in Figure 4-7. In summary, thrust faults decreased
in dip near the ground surface, and normal faults increased in dip near the ground
surface.

In several of the model tests, nearly horizontal shear fractures formed in the
shear rupture zone during base deformation. These horizontal shear fractures
were oriented roughly perpendicular to the main rupture planes. Hence, they
appeared to be the complementary shear planes of the primary shear planes. They
were more common in the top half of the thicker clay layers. Often the horizontal
complementary shear fractures developed before the main rupture reached the top
of the clay layer. This is potentially very important. Because an earth dam is
constructed in layers of compacted soil, horizontal planes of weakness already exist
throughout the core section. Higher rates of seepage typically occur along these
earth "bedding planes”. The displacement of a bedrock fault might produce shear
failure along these established horizontal planes of weakness, and hence, create a
potentially serious condition where significant leakage initiates along the contact
between compacted layers. Further study of this problem is warranted,

Another grave concern is the potential development of tension zones in the
core of an earth dam. In fact, zones of extension are of concern because if the
minor principal stress is sufficiently reduced, hydraulic fracturing can occur. At
large base deformations, tension fractures were clearly observed in an extension
zone at the clay surface which developed above the upthrown block. - Sufficient
freeboard could accommodate these open tension fractures without threatening
the stability of the earth dam. The potential development of extension zones or
tension zones within the clay core section is of greater concern. Although difficult

to observe, a number of model test results indicated that a local extension or
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tension zone formed above the downthrown block adjacent to the bedrock fault.
Tension was not apparent in this region until larger base deformations occurred
(i.e. base deformations (offsets) sufficient to propagate the shear rupture up near
the surface of the clay layer). Further study of this problem is warranted.

The fault rupture propagation model tests clearly indicate that the amount
of differential movement across a distinct failure plane decreases as the rupture
propagates through the soil. The remainder of the base offset is accommodated by
the down-warping of the ground surface above the upthrown block, and internal
deformations within the soil. Since the saturated clay under undrained loading
conditions deforms at constant volume, the surface of the clay away from the
rupture zone moves up or down an amount equal to the upthrown or downthrown
base movement. Similarly, the change in elevation of the crest section above the
saturated clay core of an earth dam away from the fault zone must equal the
change in elevation of the bedrock. Thus, the earth dam design must provide
enough freeboard to handle the potential decrease in the crest elevation.

One of the primary findings of the model study is the realization that the
rate of fault rupture propagation through soil is strongly influenced by the failure
strain of the soil. The bedrock fault does not instantaneously produce a rupture
zone through the overlying soil deposit. As described earlier, the rupture
propagates up toward the ground surface with increasing base deformation (offset).
The rate at which it propagates, however, is determined principally by the failure
strain of the soil. Moreover, the axial failure strain of unconfined triaxial
compression tests adequately defines the saturated clay's failure strain. As shown
in Figure 6-27, the normalized base offset required to propagate the shear rupture
zone to the ground surface of the clay layer increases as the failure strain of the
clay employed in the model tests increases. Further work is warranted to validate

and extend this finding. This relationship could be used by engineers to develop
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preliminary estimates of the extent of the zone of saturated clay materials overlying
a bedrock fault disturbed by a given displacement across the base rock fault.
Although not useful in this study of fault rupture propagation of base rock
faults at various orientations, the horizontal top and base clay friction model
described in Section 6.3.3 could prove extremely useful in simple model studies of
problems where the principal direction of soil movement is aligned with the
gravitational force. The 1 g small-scale model study, however, provided important
insights to improve the level of understanding of the effect of tectonic movements

on stresses and deformations in earth embankments.
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CHAPTER SEVEN:
PRELIMINARY EVALUATION AND SELECTION
OF THE NUMERICAL ANALYSIS METHOD

7.1  Introduction

The 1 g small-scale physical model tests of fault rupture propagation
through saturated clay provided valuable insights into this class of problem. The
physical model testing, however, had some limitations. For example, it took a
considerable amount of time and care to perform the physical model tests; hence, a
large number of tests could not feasibly be performed. The clay used in the model
tests was fairly homogeneous. In many cases, however, the clay in an earth
embankment might tend to increase in strength and stiffness with increasing depth
below the ground surface . Although controlling the conditions of the model tests
allowed for a more in-depth study of some of the parameters influencing the
process of fault rupture propagation, a number of details could not be explored
adequately. For instance, the physical model tests could not reasonably determine
when the minor principal stress within the clay material might be reduced to a
value low enough to permit the initiation of hydraulic fracturing.

Numerical analyses of the fault rupture propagation phenomenon might
provide answers to a number of the questions not resolved through the physical 1 g
small-scale mode] testing program. In most numerical analyses, the values of the
critical soil parameters which define the load-deformation and volume-change
behavior of the soil can be precisely controlled. The soil parameters can usually be
varied spatially to adequately represent the characteristics of the actual soil profile.
The magnitude of induced stresses and deformations can be calculated. Multiple
analyses with slightly different values of the critical soil parameters can determine

the sensitivity of the results to variations in these soil parameters. Appropriate
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numerical analyses might thus provide important insights into the fault rupture
propagation phenomenon.

In Chapter One, a number of specific questions were identified as critical to
understanding the effects of tectonic movements on stresses and deformations in
earth embankments. These six critical questions are repeated here as they will be
the principal focus of the numerical studies of fault rupture propagation through

soil:

(1) What is the extent of the likely shear rupture zone with increasing
magnitudes of base deformation (or offset)?

(2) What will be the extent of tension zones or zones of hydraulic
fracturing with increasing magnitudes of base deformation?

(3) How much reservoir water could leak through disturbed core and filter
zones or through a disturbed foundation, and might this result in
uncontrolled internal erosion?

(4) How might the base deformation damage the slopes and crest of the
earth dam?

(5) Given the potential hazards associated with fault rupture propagation
through an earth dam, what are the characteristics of the dam core
material which can best mitigate these hazards?

(6) What other steps or design features are necessary for the safe

construction of a dam over a potentially active fault?

In this chapter, the results of the preliminary finite element analyses of the
fault rupture propagation phenomenon will be presented. Initially, a number of
numerical analysis techniques will be explored to note the advantages and
disadvantages of applying various numerical methods to this class of problem. The

limitations of the finite element method will become apparent. Nevertheless, it
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will be shown that the finite element method can be applied to this class of
problem provided that the soil's nonlinear, stress-dependent, stress-strain behavior
is adequately modeled. Linear elastic analyses were first performed to identify the
critical characteristics of fault rupture propagation through overlying soils without
the bias produced when employing a complex soil constitutive model with its
predetermined failure criterion and rules for soil behavior. Next, a linear elastic-
peffectly plastic constitutive model was employed in the finite element method to
ascertain its suitability. The Scott and Schoustra (1974) finite element study, which
Scott (1987) later concluded to be incorrect, utilized a linear elastic-perfectly
plastic soil constitutive model. Finally, incremental, nonlinear elastic analyses
were performed which provided significantly better predictions of observed
behavior. Initially, the nonlinear finite element method was employed to analyze
the behavior of dry, cohesionless materials since most previous well-documented
physical model tests employed dry cohesionless materials. In the next chapter, the
nonlinear finite element analyses will be used to study fault rupture propagation
through saturated clay. In the final section of this chapter, Section 7.6, lessons to
be learned from the preliminary numerical analyses of fault rupture propagation

through soil are discussed.

72 The Numerical Analysis Approach

Numerical methods allow the engineer to investigate a number of aspects of
the fault rupture propagation phenomenon which are difficult to study from the
examination of case histories or the conduct of physical model tests. Whereas, in
physical model studies, the boundary conditions and the prototype material are
represented by a small-scale testing apparatus and materials which model the
critical characteristics of the behavior of the prototype soil, numerical analyses

employ mathematical models of the problem's boundary conditions and the
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prototype soil to define the problem. The boundary conditions and the soil
constitutive model help produce a system of equations which can be solved by
various solution algorithms. The system of equations is established by satisfying
some combinations of force equilibrium, displacement compatibility, and the
appropriate force-displacement relationship for the material in question. The
numerical analysis approach allows for the precise control of the model used to
represent the behavior of the soil and the imposed boundary conditions. Of
course, the accuracy and the reliability of any numerical approach depends on the
validity of the mathematical conceptualization of the critical aspects of the
problem. If the limitations of the assumptions imposed in the problem definition
are understood, the numerical analyses can assist the engineer in attempting to
understand the problem in question.

Three numerical approaches were reviewed in the course of this research to
determine their suitability for the analysis of fault rupture propagation through
overlying soils. They were: the finite element method, the finite difference
method with dynamic relaxation, and the discrete element method. Each of these
numerical analysis methods were described previously during the review of
literature (See Section 3.3.3). In the early stages of this research program, each
method was considered for possible use in the analysis of the fault rupture
propagation problem.

The discrete element approach intuitively looks promising. A soil mass is |
not a continuum. Instead, it is an assemblage of finite-sized particles. Interparticle
forces fundamentally determine the observed macroscopic behavior of soil.
Moreover, once a shear or tension crack (i.e. a discontinuity) develops within the
soil mass it typically becomes difficult to reliably apply a numerical approach based
on the principles of continuum mechanics. Although the discrete element method

might become quite useful in the future, currently it cannot be practically applied
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to the fault rupture propagaﬁon problem. This analytical technique is new, and
hence, not well-validated. To realistically model a soil mass, a large number of
discrete elements are necessary, and even with the use of a mainframe computer,
the computational effort is considerable. Finally, the discrete element procedures
reviewed could be used to predict deformation patterns, but they did not provide
reliable stress information (¢.g. locate regions where the minor principal stress was
reduced to a value low enough to allow for the initiation of hydraulic fracturing).
Therefore, it was judged that the discrete element method cannot be practically
applied to the fault rupture propagation problem at this time.

Scott (1987) felt that the explicit finite difference method with dynamic
relaxation was potentially superior to the implicit finite element method in the
analysis of soil failure. Dynamic relaxation is a technique which assumes that a
static equilibrium solution can be found by computing the large-time limit of a
damped dynamic problem (Otter et al., 1966). Scott reasoned that since unstable
stress-strain relationships could be employed in the finite difference method with
dynamic relaxation, and because the system of equations could be solved explicitly,
the strain softening post-peak strength behavior of some soils could be readily
handled without the numerical instabilities which often occur in the more popular
finite element method. The finite difference method with dynamic relaxation
produced deformed meshes which agreed reasonably well with the deformation
patterns observed in centrifuge model tests of failed slopes and fault rupture
propagation, but the numerical approach possessed critical shortcomings. As
discussed previously in Section 3.3.3, this numerical method often predicted failure
to occur at gravitational loads 2 to 4 times larger than that observed in the
centrifuge model] tests. Hence, in these cases, calculated stress distributions would
be erroneous. Being a relatively novel approach to the solution of geotechnical

problems, the finite difference method with dynamic relaxation is also not well-
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validated. Thus, it was judged that this numerical method cannot be practically
applied to the fault rupture propagation problem at this time.

The finite element method thus became the leading choice for the
numerical method to be employed in this research. The finite element method has
its merits. Because of its relative simplicity, availability, and flexibility, the finite
element method has been applied to a wide range of geotechnical problems.
Hénce, its use in many areas is well-validated. In fact, the large majority of the
previous studies of the fault rupture propagation phenomenon employed the finite
element method. In addition, the large majority of the previous studies of topics
closely related to fault rupture through soils (such as the anchor pull-out problem)
have employed the finite element method.

The finite element method has been described in detail in a number of text
books (e.g. Zienkiewicz, 1977). In the finite element method, the continuum is
"discretized" into a number of individual finite elements. Within each of these
finite elements, a displacement function is assumed to define the variation of
displacements across the element in terms of nodal displacements. Hence, the
displacements at the nodal points become the unknown variables of the problem.
Given the constitutive relationship used to describe the material, the force-
displacement relationships at the nodes of the finite element are formulated. The
principle of virtual displacement can then be used to develop the element stiffness
matrix for each finite element. In the displacement approach, the equilibrium
equations at the nodes are assembled to form a global stiffness matrix. The
boundary conditions (established nodal forces, displacements, or constraints) are
imposed, and the global force-displacement equations which utilize the global
stiffness matrix can be solved to determine the unknown nodal displacements.
From the nodal displacements, the element strains, and, in turn, the element

stresses can be calculated from the derivative of the assumed displacement
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function and the defined stress-strain constitutive relationship,' respectively.
Finally, but most importantly, the results must be interpreted to provide the
engineer with an approximate solution (but, hopefully, a practically acceptable
solution) to a defined problem which, in turn, can be used to provide insights into a
more complex field problem.

At this time, it is worthwhile to note the lessons learned from the review of
previous studies which employed the finite element method to analyze fault
rupture propagation or closely related topics. First of all, despite its limitations,
the finite element method can be successfully applied to analyze the development
of failure in a soil mass overlying a displaced base section. Although exact
representation of all of the aspects of the soil's behavior may not be possible, the
finite element analyses can be used as a tool to improve our understanding of the
problem. In the finite element model, the left and right vertical boundaries need
only extend a distance of three times the height of the soil layer away from the
location of the base rock fault. All of the numerical models reviewed utilized an
incremental solution technique. As the soil approached the failure condition,
gradually decreasing load or displacement increments were imposed to maintain
accuracy. Smaller elements were concentrated in the expected zone of failure to
minimize the overestimation of the width of the actual failure planes. Localization
of failure in narrow zones was difficult to achieve in the finite element method as
the failed zone usually widened as it propagated upward toward the ground
surface. In fact, it appears that the soil must be modeled as a strain softening
material to localize the failure in the soil mass (Rousselier, 1979). In the finite
element method, however, it is difficult to model strain softening soil behavior
because this often leads to numerical instability during the solution of the
equilibrium equations. At least the zone within which the distinct failure planes

develop can be predicted reasonably well by proper FEM analyses.
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The selection of the soil constitutive model to be employed in the finite
element method appeared to be one of the most important considerations in
performing sound FEM analyses. Results of finite element analyses of fault
rupture propagation or closely related topics (e.g. anchor pull-out behavior)
employing nonlinear stress-strain soil models agreed reasonably well with observed
behavior. Linear elastic-perfectly plastic soil models did not consistently produce
acéeptable results. Modeling the dilatant behavior of dense, cohesionless materials
was important to obtaining reasonable finite element results for this special case.
Nondilatant materials, however, could be modeled satisfactorily with simpler soil
constitutive models. The previous finite element studies showed that it was
relatively important to model the soil as a "no-tension” material, and that the finite
element results were somewhat sensitive to the tension failure criterion selected.

The finite element results were also sensitive to the soil parameters
employed in the soil constitutive model. The coefficient of lateral earth pressure at
rest appeared to be a sensitive parameter. In fact, results from finite element
analyses by Walters and Thomas (1982) (See Section 3.3.3(e)) showed that even
with a very sophisticated, complex soil constitutive model, minor variations in the
coefficient of lateral earth pressure at rest parameter produced significant
variations in the results of the analyses. Hence, it may not be productive to employ
a complex soil constitutive model with a large number of soil parameters if the
results are sensitive to basic parameters such as K, which the engineering
profession cannot typically determine within an accuracy of better than about
+ 20%. In addition to the coefficient of lateral earth pressure at rest, the soil
parameters which most significantly describe the soil's stress-strain behavior and
volume-change behavior influence the development of failure in the finite element
analyses. Sufficient care should then be exercised in modeling the soil's stress-

strain behavior (e.g. failure strain, strength, and variation of soil stiffness at
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different stress levels) and the soil's volume-change behavior (e.g. Poisson's ratio
and angle of dilation).

Given what was learned from this review and evaluation of previous studies
employing the finite element method, it is evident that the selection of the soil
constitutive model to be employed in the numerical method is rather important.
The soil constitutive model employed in the numerical analyses should be as
sirﬁple as possible, yet it should model the essential characteristics of the behavior
of the soil in base rock fauit rupture propagation through overlying soils. A
number of soil constitutive models were reviewed for possible use in the finite
element analyses of this study of fault rupture propagation. They can be
categorized under four general headings: (1) linear elastic; (2) linear elastic-
perfectly plastic; (3) nonlinear hyperbolic elastic; and (4) nonlinear elasto-plastic
with work hardening plasticity. Each soil constitutive model has advantages and
disadvantages which will be discussed later in more detail.

Two important distinctions, however, will be made now. The soil's load-
deformation behavior can be modeled with either a linear or nonlinear stfess-
strain relationship. A linear stress-strain relationship is obviously easier to
implement, but it is well known that the typical soil's load-deformation behavior is
highly nonlinear at or near failure. Secondly, the soil can be modeled as elastic or
plastic. With elastic deformation, the principal axes of the strain increment
coincide with the principal axes of the stress increment; whereas, with plastic
deformation, the principal axes of the strain increment coincide with the principal
axes of the overall stress (not the stress increment). Soil strength tests have shown
that soils deform elastically at lower stress levels and deform plastically at or near
failure (Roscoe et al., 1967; Roscoe, 1970; Hong and Lade, 1989). In selecting a

soil constitutive model, these two important distinctions should be considered.
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Another important consideration in the selection of a soil constitutive
model is the choice of the failure criterion to be employed in the soil constitutive
model. Traditionally, the Mohr-Coulomb failure criterion has been the criterion
most frequently employed in the analysis of geotechnical problems. As the review
of previous studies of fault rupture propagation revealed, however, there is much
debate regarding the validity of the Mohr-Coulomb failure criterion in determining
the orientation of the shear rupture surface through soil. As Roscoe pointed out in
the Tenth Rankine Lecture (Roscoe, 1970), the Mohr-Coulomb failure criterion
relies on stress characteristics (e.g. the angle of friction, ¢) to define the
orientation of the shear rupture plane. The failure plane is oriented at an angle 8
= 45° - ¢ /2 to the major principal stress, 0 1. Through his research, however,
Roscoe found that for experiments employing models composed of dry sand,
velocity characteristics (e.g. the angle of dilation, v) more accurately predict the
orientation of the shear rupture plane. Shear rupture planes develop along zero

.extension lines which are oriented at an angle of 8 = 45° - v/2 to the major
principal strain rate, € 1. Thus, if the axes of the major principal stress and of the
major principal strain increment coincide (which is believed to be essentially true
for soils at failure, "plasticity"), the angle, ®, between the stress characteristics and
the velocity characteristics in the soil massis: 8 = % (¢ - v).

Attempts to resolve the debate as to whether stress characteristics or
velocity characteristics best predict the orientation of the shear rupture surface
have been inconclusive. For example, several articles published in the Proceedings
of the Roscoe Memorial Symposium (Parry, 1972), attempted to resolve the debate
without success. More recently, Vardoulakis, Goldscheider and Gudehus (1978)
and Vardoulakis (1980) have claimed that neither of these criteria govern (that is,
neither the stress characteristicc 8 = 45° - ¢ /2 oriented to the major principal

stress, or the velocity or kinematic characteristic: 8 = 45° - v/2 oriented to the
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major principal strain rate actually predict the orientation of the shear failure
plane in dry sand). Instead, their experimental evidence suggests that the truth lies
between the two predictions with the stress characteristics overestimating the angle
B, and the velocity characteristics underestimating the angle 8, where g is the
orientation of the failure plane relative to the major principal stress and the major
principal strain increment which are believed to coincide in a soil mass at failure
(plasticity).

In tests of dry, dense sands where most of the studies reviewed have
focuséd, the difference between the angle of friction, ¢, and the angle of dilation, v,
can be significant. It follows that the difference between predictions from stress
characteristics and kinematic characteristics (8 = % (¢ - v)) can be significant. For
most cases, however, the differences between the angle of friction and angle of
dilation may not be significant relative to the limits of accuracy in the
determination of these two soil parameters. In addition, most of the authors who
criticized the consequence of accepting the Mohr-Coulomb failure criterion,

~ namely, that the shear rupture planes are oriented at an angle 8 = 45° -¢ /2 to the
major principal stress, never questioned. if the Mohr-Coulomb failure criterion
adequately predicted when failure in any element of soil did occur (Roscoe, 1970;
Harkness, 1972; Frquan, 1974). Therefore, it appears to be reasonable,
especially for the case of an undrained analysis of saturated clay, to employ the
Mohr-Coulomb failure criterion.

As Louderback (1937) asserted (See Section 2.2.2), in seismic regions such
as California, the most satisfactory topographic features for a dam are typically
fault-controlled valleys. In the fault-controlled valleys, the river often follows the
predominant plane of weakness, the fault trace. For example, in the majority of
the examples of earth dams built across potentially active faults presented in Table

1-1, the fault is oriented perpendicular to the longitudinal axis of the dam. Given
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the fact that the fault will often traverse the dam's longitudinal axis, three
dimensional (3-D) effects might be significant in the analysis of fault rupture
propagation through earth embankment dams. On the other hand, since reliable
analyses of fault rupture propagation through either saturated clay or earth
embankment dams have not been performed, it might be prudent to initially
analyze the simpler two-dimensional (2-D) case. For instance, previous analyses of
fault rupture propagation (all 2-D analyses) have found that a large number of
elements must be employed, with smaller elements concentrated in the region
above the bedrock fault, to obtain satisfactory results from the finite element
analyses. A 3-D finite element analysis would then require an even larger number
of elements to define the problem, and hence, result in an inordinate amount of
computational effort. Furthermore, the interpretation of the results would be
difficult.

Two-dimensional finite element analyses of fault rupture propagation
through overlying soils might provide practical insights in many cases. In situations
where the dam length to height ratio is relatively large (i.e. L/H > 6) and the dip-
slip fault traverses the dam near the middle section of the dam length, a 2-D plane
strain analysis of a vertical plane through the core section parallel to the dam's
longitudinal axis might provide acceptable results. Of course, 2-D plane strain
analysis of the dam's cross section would be appropriate in cases where a dip-slip
fault is oriented parallel to the dam's longitudinal axis (as is the case for the Cedar
Springs Dam). Moreover, the 2-D analyses of dip-slip fault movements would
address what the engineering community believes to be the most dangerous
situation - dip-slip fault offsets (Swiger, 1978). 2-D plane strain analyses were thus
judged to be suitable for gaining insight into the general problem of fault rupture
propagation through overlying saturated clays. Therefore, 2-D finite element

analyses were performed, realizing that additional research would be required to
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extend the findings from this study to problems where 3-D effects were significant
(e.g. a strike-slip fault movement which is oriented perpendicular to the dam's
longitudinal axis where the dam is situated in a steep, narrow canyon).

The finite element formulation employed in this research is based upon the
usual assumption that strains are infinitesimal. The exact definition of strain
contains second-order nonlinear terms which for most problems are typically small,
and hence, can be ignored in the small strain approach. Additionally, the small
strain approach calculates the strain using the original undeformed geometry of the
finite element mesh. The small strain approach has been shown to be acceptable
in the majority of geotechnical problems. A refinement of the small strain
approach is obtained by approximating the finite strain solution by loading the
mesh incrementally (using the infinitesimal strain formulation to solve for each
increment‘) and updating the geometry of the mesh after each increment. In this
method, the natural strain or logarithmic strain, which is the summation of strain
increments each of which is calculated on the deformed mesh geometry, is now
used. Second-order nonlinear terms of the exact strain-displacement definition are
still ignored. A number of studies have found that this approach gives acceptable
solutions to most geotechnical problems (Davis and Booker, 1975; Carter et al,,
1977; Britto and Gunn, 1987; Pender, 1989). The refined small strain approach
based on the natural strain definition will also be employed in this study to
examine differences from analyses employing the infinitesimal strain formulation.
A more exact finite strain formulation which incorporates the second-order
nonlinear terms of the strain-displacement relationship should be necessary only
when very large strains occur (e.g. solution of a pile driving problem where strains
are greater than roughly 100%; Pender, 1989). Since previous small-scale model
studies and the clay-box model tests of this study have shown that a base

deformation of on the order of 1% to 15% of the height of the soil overlying the
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base fault is required to propagate the shear rupture upwards to the ground surface
of the soil, an exact large strain formulation in the finite element method may not
be required to analyze fault rupture propagation through overlying soil.

One of the important lessons to be learned from the application of a
numerical method to any geotechnical problem is the value of a graphic post-
processor. Since up to 80% of an analyst's time during finite element studies can
be Irequired to check a finite element mesh and to interpret the results from the
analysis, the graphic post-processor can dramatically improve the finite element
analyst's effectiveness and efficiency. For instance, in the same amount of time, a
large number of finite element analyses may be performed when using a graphic
post-processor allowing time for a larger number of parameter sensitivity analyses.
During this research, the author has helped develop two graphic post-processors
which will be used to present some of the results from the finite element analyses.
In particular, a modification of Dr. R.IL. Taylor's PCFEAP computer program,

named FEAPPLOT, proved invaluable during the course of this research.

7.3 Linear Elastic Analyses of Fault Rupture Propagation

As discussed previously in Section 7.2, there has been considerable debate
as to which soil constitutive model and which failure criterion are most appropriate
for use in the finite element method when analyzing geotechnical problems. The
results from any finite element analysis will necessarily depend on the soil
constitutive model employed in the finite element method. So as not to ﬁndu]y
bias the preliminary finite element analyses of fault rupture propagation through
overlying soils, a simple linear elastic soil constitutive model was first employed.
The linear elastic analyses employed no failure criterion and the principal
limitations of a linear elastic soil model are clearly known. It is often useful to first

analyze complex geotechnical problems with very simple models of soil behavior to
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ensure that the problem is defined properly, and that further refinements of the
soil constitutive model do not produce unknown or undesirable deviations from the
simpler analyses. In this study, the primary purpose of the linear elastic finite
element analyses was to perform an unbiased search for a way to predict the
development and orientation of the shear rupture zone in the soil overlying a base
rock fault which had displaced.

| Dr. Taylor's powerful finite element analysis computer program, PCFEAP,
was utilized in the linear elastic analyses of fault rupture propagation (Taylor,
1987(a); Taylor, 1987(b)). The program PCFEAP was modified for these studies
to employ the standard geotechnical sign convention (e.g. compressive stresses are
positive) in lieu of the usual structural mechanics sign convention, and to include
initial at rest earth stresses in the analyses. Additionally, the graphics post-
processor was modified so additional results such as strain values and the principal
stress ratio could be plotted. The modified PCFEAP program was re-validated,
and its results were shown to agree closely with the results from a validated
computer program, FEADAM (Duncan et al, 1984), and with known elastic
solutions to well-defined problems.

Again, the primary aim of the linear elastic analyses of fault rupture
propagation was to perform an unbiased search for a way to predict the orientation
of the shear rupture zone in the deformed soil mass. Figure 7-1 illustrates how the
linear elastic finite element analyses might be used to predict the orientation of a
shear rupture zone in a deformed soil specimen. In this instance, a simple analysis
of a triaxial compression test is performed. The soil was arbitrarily defined by the
following parameters: E = 300,000 psf,v = 0.4, andoj = 100 psf (except for one
weakened element which was used to initiate failure where E = 250,000 psf). As
shown in Figure 7-1, the contour plots of maximum shear stress, maximum shear

strain, and the principal stress ratio all indicate the expected orientation of the
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failure plane in a nonfrictional material (i.e. the angle of the failure plane to the
direction of major principal axial strain in the specimen, § = 45° ). Additionally,
contour plots of the major principal stress increment and the major principal strain
increment found that g = 45°.

| The remaining linear elastic finite element analyses studied the change in
stresses and strains in the soil overlying these typical bedrock faults: 90° thrust
fault, 90° normal fault, 60° normal fault, and 45° thrust fault. For these analyses,
the soil was defined by these parameters: E = 200,000 psf,» = 0.4, = 120 pcf,
and Ky = 0.5. In some of the analyses, the modulus of elasticity, E, increased
linearly with depth (E = 170 3; Vesic and Clough, 1968). A soil deposit 400 feet
deep was modeled with 433 4-node isoparametric plane strain elements. The
length of the finite element mesh in the analyses varied from 1200 feet to 2400 feet
to note the effect of moving the vertical boundaries of the finite element mesh.
The vertical boundaries were free to displace in the vertical direction but fixed in
the horizontal direction. The bottom horizontal boundary was fixed in both the
vertical and horizontal direction, except prescribed displacements of half of the
bottom boundary could be enforced to simulate a base deformation.

In Figure 7-2(A), the deformed mesh of a vertical (90°) thrust fault is
shown. The contour plots of the maximum shear stress increment resulting from a
5 foot base offset when the finite element mesh has a length to height ratio of 3:1
and 6:1 are shown in Figures 7-2(B) and 7-2(C), respectively. The stress plots are
almost identical. It seems clear that sufficient accuracy is obtained by modeling
the soil overlying the displaced fault to a horizontal distance of roughly 1.5 times
the height of the soil layer away from the fault. Similar results were obtained in
the analyses of the 60° normal fault movements and the 45° thrust fault
movements with respect to the location of vertical side boundaries. Previous

analyses of fault rupture propagation customarily used finite element meshes with
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length to height ratios of 6:1, 8:1, or even 11:1. In this study, it was found that
meshes with length to height ratios of 3:1 provided acceptable results. Thus,
without the need for an extensive finite element mesh, more elements can be
concentrated within the region of interest directly above the base rock fault and
not away from the fault where the soil moves as a fairly "rigid" body.

Similar to the results presented by Scott and Schoustra (1974) (See Section
3.3.3(a)), the maximum shear stress increment plots shown in Figure 7-2 appear to
indicate that the shear failure zone would propagate up over the upthrown block
during a vertical thrust movement. That is, the higher values of the maxirnum
shear stress increment are located above the upthrown block. Previous model
studies and the clay-box model studies suggest, and kinematic constraints require,
however, that the final fault rupture zone propagates over the downthrown block.
The contour plot of maximum shear stress (Figure 7-3(A)) portrays the same
tendency, showing that the maximum shear stresses are located above the inside
edge of the upthrown block, Likewise, the contour plots of the maximum shear
strain and the principal stress ratio also indicate regions of maximum values
located over the upthrown block. It appears that the linear elastic finite element
analyses only predict the first phase of shear zone dévelopment during fault
rupture propagation or the "inverted footing" type of failure. Finally, it is
noteworthy that the analyses predicted that a small region of tension would
develop at the base of the soil deposit over the downthrown block adjacent to the
base fault, and that a larger region of tension would develop near the ground
surface over the upthrown block (See Figure 7-3(D)).

The results of the linear elastic finite element analyses of a vertical (90°)
normal fault movement are presented in Figure 7-4. In this case, the left side of
the mesh drops down vertically instead of displacing upwards. As expected, the

contour plots of maximum shear stress, principal stress ratio, and minor principal
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stress (See Figure 7-4(B), (C), and (D)) basically mirror the stress plots of the
vertical (90° ) thrust fault analyses (See Figure 7-3(A), (C), and (D)). Hence, the
finite element analyses calculate only the change in stress resulting from the
relative displacement of the base sections (the absolute displacements of the base
sections are irrelevant). Additional analyses were performed where the soil
deposit was not homogeneous; instead, the modulus of elasticity increased linearly
with depth (i.e. from E = 50,000 psf near the ground surface to E = 400,000 psf
near the soil-bedrock contact). The results from the analyses of the
nonhomogeneous soil deposit were essentially identical to those of the
homogeneous soil deposit. Hence, for the remainder of the study of elastic
analyses, the soil deposit was assumed to be homogeneous.

The results of the linear elastic finite element analyses of a 60° normal fault
movement and a 45° thrust fault movement are shown in Figures 7-5 and 7-6,
respectively. The elastic analyses appear to be more appropriate for the 60°
normal fault movement than the 45° thrust fault movement. For example, the
maximum shear stress (Figure 7-5(B)) and the principal stress ratio (not shown)
are at maximum values along the projection of the base rock fault plane (the
expected failure plane) in the analyses of the 60° normal fault; whereas, the
maximum shear stress (Figure 7-6(B)) and the principal stress ratio (not shown)
are at minimum values along the projection of the base rock fault plane (the
expected failure plane) in the analyses of the 45° thrust fault. Similarly, the
maximum shear stress increment and the maximum shear strain contour plots show
better agreement with observed behavior in the analyses of the 60° normal fault
than in the analyses of the 45° thrust fault (Figures 7-5(C) and (D), and Figures 7-
6(C) and (D)). As might be expected, the elastic analyses are more appropriate for
the normal fault movement because here the soil overlying the displaced base is

unloading, and soils have been found to typically behave more nearly elastically
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during unloading. On the ot’her hand, soils tend to deform inelastically during
primary loading, which is the case for the soil overlying a base rock thrust fault
movement.

In summary, the linear elastic finite element analyses did not produce
results consistent with observed behavior of fault rupture propagation through
soils. Thrust fault movements (45° and 90°) produced highly stressed regions
‘where strains were maximums over the upthrown block, yet kinematic constraints
require that the final rupture zone propagates over the downthrown block. It
appears that a linear elastic stress analyses cannot determine the location or
orientation of the final rupture zone through the soil overlying a displaced bedrock
thrust fault. The elastic analyses only show the initial "inverted footing" phase of
the shear rupture zone development. In addition, as the deformed meshes
presented in Section 7.3 illustrate, the linear elastic analyses do not localize the
rupture zone within the soil mass well. At the surface of the soil layer, the vertical
differential movement is spread across a wide area. The linear elastic finite
element analyses did, however, produce more reasonable results with respect to
the location of the suspected failure plane through the soil in the case of normal
fault movements (in this case, the soil is unloading). Finally, the linear elastic
finite element analyses indicated that the maximum shear strain, the maximum
shear stress increment, and displacement plots (deformed meshes which show the
effects of kinematic constraints) might be useful in determining the location and
orientation of the shear rupture zone through the soil overlying a displaced base

rock fault.

7.4 Linear Elastic-Perfectly Plastic Analyses of Fault Rupture Propagation

A linear elastic-perfectly plastic soil constitutive model was believed to be

inadequate for the analysis of fault rupture propagation because the results from
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previous studies of the shear rupture behavior of soils did not agree with the
patterns of failure observed in model tests (Scott and Schoustra, 1974; Davie,
1973). In the Scott and Schoustra (1974) study, the failed zone propagated to the
surface over the upthrown block of a vertical base rock fault offset. This, of course,
is incorrect as Scott (1987) pointed out since kinematic constraints require that the
final rupture zone propagates over the doﬁvnthrown block. In the Davie (1973)
study of anchor pull-out behavior, the linear elastic-perfectly plastic finite element
analysis was not able to predict the failure pattern observed in the shallow anchor
pull-out tests (i.e. the wedge or Balli shaped failure surface, see Chapter Four).
Nevertheless, finite element analyses employing a linear elastic-perfectly plastic
soil model were performed as a part of this research to ascertain if this soil
constitutive model is actually deficient and to learn what refinements if any are
necessary to improve the reliability of the analyses.

Again, Dr. Taylor's PCFEAP program is used to analyze the fault rupture
propagation problem. In this case, however, a linear elastic-perfectly plastic soil
constitutive law is employed in the finite ¢lement analyses. The 300 foot deep
layer of saturated clay soil overlying the base rock fault was modeled with a generic
mesh (with a length of 1000 feet or L/H = 3.3) of 800 quadrilateral shaped 4-node
isoparametric plane strain elements (See Figure 7-7(A)). The soil parameters
required to define the behavior of the soil are: the modulus of elasticity, E;
Poisson's ratio, v; and the deviatoric failure stress, 2C. The saturated clay was
assumed to be close to normally consolidated (i.e. strength increasing
approximately linearly with depth) except for an overconsolidated region with
fairly uniform strength near the top of the soil layer. Hence, the undrained shear
strength of the clay was varied within each of the 20 soil layers to range from 1000
psf near the surface to nearly 6000 psf at a depth of 300 feet. Accordingly, the

stiffness of the clay was increased approximately linearly with depth keeping the
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axial failure strain of the clay at around € 3 = 1%. Poisson's ratic was assumed to
be 0.49. In these analyses, K, was assigned an initial value of 1.0.

Several solution algorithms were employed to note their effectiveness
regarding solution of this boundary deformation problem (Taylor, 1977). The
Newton-Raphson iteration algorithm where the tangent stiffness matrix (i.e. the
global finite element stiffness matrix) is recalculated after each solution of the
developed system of equations is found did not consistently converge. A modified
Newton-Raphson solution technique which recalculated the tangent stiffness
matrix only after a solution of the system of equatiens was iteratively solved did,
however, converge, but it converged very slowly. The incremental load solution
technique proved to be most efficient. In this procedure, the total boundary
displacements were subdivided into approximately 20 equal displacement
increments. Within each displacement (or load) increment, the modified Newton-
Raphson solution technique rapidly achieved convergence to a solution of
minimum energy. As previous studies had suggested, it appears important to use
an incremental solution algorithm to effectively and accurately solve the fault
rupture propagation problem.

The results of the linear elastic-perfectly plastic finite element analysis of
fault rupture propagation through soil as a result of a vertical thrust fault
movement are shown in Figure 7-7. As opposed to the linear elastic analyses
conducted in Section 7.3, much better localization of the deformation pattern in
the region above the base rock fault is possible (See Figure 7-7(A)). Similar to the |
elastic analyses, however, the elastic-perfectly plastic analyses produced a broad
region of maximum shear stress values (See Figure 7-7(B)). On the other han_d,
the maximum shear stress plot was now symmetrical about the base rock fault
indicating no tendency for the fault plane to move either over the upthrown block

or the downthrown block at any stage. Likewise, the contour plot of yield levels
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within the elements, which indicates how close an element is to failure (yield level
greater than 0.99 denotes plastic shear failure), was symmetrical about the fault at
lower base displacements (See Figure 7-7(C)). The plastic zone reaches the
ground surface at a base deformation of 12.8 feet or 4.3% of the height of the clay
layer (hg/dp = 23). Again, the yield level plot is nearly symmetrical about the
vertical base rock fault.. The plastic zone does, however, reach the surface first
over the upthrown block. Moreover, by the time the plastic zone reaches the
ground surface it is rather wide.

Refinement of the finite element mesh did not alter the results of the
analysis appreciably. Furthermore, the strength and stiffness parameters were not
sensitive in themselves, but since together they defined the failure strain of the soil,
variations in these soil parameters altered the amount of base deformation
required to propagate the rupture through the overlying soil to the ground surface.
The characteristics of the failure pattern (i.e. size and orientation), however,
remained the same for analyses where the failure strain of the soil varied. Previous
numerical studies reviewed earlier in Chapters Three and Four had failed to
recognize the importance of defining the correct failure strain of the soil overlying
a base rock fault offset. Figure 7-8 illustrates this point. If average soil stiffness
and strength parameters are used in a linear elastic-perfectly plastic model (which
is essentially a bilinear model of the soil's stress-strain curve) that "best fit" the
actual stress-strain curve of the soil in question (See Figure 7-8(A)), the failure
strain of the soil can be grossly underestimated. Although not intvitively pleasing
to the eye, in situations where the soils failure strain is a critical soil parameter (as
it appears to be in the rate of fault rupture propagation through soil), the bilinear
approximation of the soil's stress-strain curve labeled (B) can well describe the

essential characteristics of soil behavior.
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In summary, the resuits of the linear elastic-perfectly plastiIc finite element
analyses of fault rupture propagation through socil agree more closely with the
observed failure patterns that develop in physical model tests than do the results of
the linear elastic finite element analyses, but inconsistencies still remain. The
linear elastic-perfectly plastic finite element analyses suffer primarily from the
assumption that soil deformed linear elastically up to the point of failure. In
reality, the stress-strain behavior of soil is generally nonlinear, especially near
failure. The soil constitutive model's assumption of a linear pre-failure stress-
strain behavior of the soil may be responsible for the predicted symmetrical, broad
contours of maximum shear stress in the soil mass, the symmetrical plastic zone
which predicts neither an "inverted footing" type of failure nor an "anchor pull-out”
type of failure, and the prediction that the plastic zone first reaches the ground
surface over the upthrown block. The elastic-perfectly plastic finite element
analyses of fault rupture propagation did, however, localize the failure zone within
the displacement field better than the linear elastic finite element analyses could.
Furthermore, the importance of the soil's failure strain was re-emphasized.
Finally, refinements to the linear elastic-perfectly plastic model employed in these
finite element analyses might improve its reliability (e.g. allow for K values other

than 1.0, and develop a tension cut-off failure criterion).

7.5  Incremental Nonlinear Elastic Analyses of Fault Rupture Propagation

7.5.1 General:

Linear elastic and linear elastic-perfectly plastic soil constitutive models
produced inconsistent results when employed in the finite element method. In a
number of cases, the finite element analyses based on these two soil constitutive
models failed to adequately predict the essential characteristics of soil behavior

observed in small-scale model tests and in field studies of fault rupture propagation
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through soils. It appeared that both soil constitutive models were deficient because
of the assumption that the stress-strain behavior of the soil overlying the displaced
base rock fault was linear elastic up to the point of failure. Since it is generally
acknowledged that typical soils exhibit highly nonlinear stress-strain behavior at or
near failure, the fault rupture propagation problem was re-analyzed employing a
soil constitutive law in the finite element method which could model the soil's

nonlinear stress-strain behavior.

7.5.2 Duncan et al. (1984) Hyperbolic Soil Model:

One of the simpler means of modeling a soil's nonlinear stress-strain
behavior is the incremental nonlinear hyperbolic elastic approach. The Duncan et
al. (1984) hyperbolic stress-strain model has been widely used in a large number of
finite element analyses of different types of "static" (non-vibratory or non-cyclically
loaded) geotechnical problems. A full description of the Duncan hyperbolic soil
model, along will the most recent developments of the method are described in
Duncan et al. (1980) and Duncan et al. (1984).

The Duncan hyperbolic soil model assumes that the stress-strain behavior
for typical soils can be approximated by a hyperbolic function as shown in Figure 7-
9(a). The instantaneous slope of the hyperbolic stress-strain curve is the tangent
modulus (E¢). This tangent modulus is a function of the soil's current confining

stress (03) and stress level (SL) and is expressed as:
Et = (1-Rf- SL?K - Py - (063 /P )" (7-1)

where SL = Stress Level = (01-03)/(01-03)f (7-2)

which describes how close the soil is to failure.
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(01-03)f= (2C - cos¢ + 203 - sing)/(1 - sing) (7-3)
which is the deviatoric stress at failure as determined by the

traditional Mohr-Coulomb failure criterion.

K.;n = Model parameters (constants) relating the initial modulus, Ej, to
the confining stress o3 as:
Ei=K: Py (03/P)" (7-4)

Py = Atmospheric pressure, introduced into the model in order to make
K and n dimensionless numbers.

Rf = (o1-03)/(61-03)ult (7-5)

which is a model parameter (constant) used to help describe the
curvature of the hyperbolic function ((c1 - o3)ylt is the
theoretical asymptote of the hyperbolic function). Rf is typically

between 0.6 to 0.9 for most soils.

In general, during primary loading, the soil's stiffness or tangent modulus (E;)
increases with increasing confining stress (¢3) and decreases with increasing stress
level (SL). |

As shown in Figure 7-9(b), the model incorporates a linear stress-dependent
unloading-reloading stress-strain relationship for instances when the current stress
state (SS) is less than the maximum previous stress state (SSmax past)- The stress

state (SS) is defined as:

SS=SL- 4/(G3/Py) (7-6)

The 1984 slightly modified version of the original 1980 model utilizes the new

parameter, stress state, which is a function of stress level and confining stress, to
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distinguish between primary loading and unloading-reloading instead of relying
solely on the original criterion of maximum previous stress level. The unloading-
reloading modulus (E,;) is modeled as a function of confining stress (o3)

according to the equation:
Eyr = Kyr* (03/P)" (7-7)

‘whcre Kyr Is typically 1.2 to 3 times greater than K (the modulus parameter
determining E;). The other model parameters in this equation have been
previously defined,

Finally, the bulk modulus (B) of the soil is expressed as a function of only

o3 as:
B=Kp- Py (03/P2)™ (7-8)

where K}, and m are dimensionless model parameters (constants). Since Poisson's

ratio (v) can be expressed as:
v =1/2-E/6B (7-9)

modeling the bulk modulus (B) as being independent of stress level and modeling
the tangent modulus (E¢) as a function that decreases with increasing stress level,
effectively results in modeling Poisson's ratio (v) as increasing with increasing
stress level. The bulk modulus is constrained so that the permissible values of
Poisson's ratio range from roughly 0.15 (v pin = (1 - sing)/(2 - sing)) to 0.49.

Thus, the soil modulus (E; or E;;;) defines the stress-strain behavior of the
soil material, and together, the soil modulus (E; or E,;;) and the bulk modulus (B)
defines the volumetric strain behavior of the soil material. This relatively simple
hyperbolic soil model may be applied in terms of either total stress or effective

stress by using input parameters appropriate for either a total stress or an effective
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stress analysis. A total of nine independent model parameters (C, ¢, A¢, K, Ky, n,
Rf, Kp, m) are necessary in the hyperbolic soil model to reasonably describe the
nonlinear stress-strain and volumetric strain behavior of most soils.

The Duncan et é]. (1984) hyperbolic soil model is employed in the computer
program SSCOMP: a plane strain, incremental load finite element program for
evaluation of soil-structure interaction and compaction-induced lateral stresses and
deflections (Seed and Duncan, 1984). The program SSCOMP is currently installed
on a Digital Micro-VAX mini-computer at the University of California at Berkeley.
The computer program SSCOMP was utilized in this research to model the
nonlinear stress-strain behavior of the soil overlying the displaced base rock fault.

The computer program SSCOMP calculates stresses, strains and
displacements in soil elements by means of an analytical technique which simulates
the total deformation of a displaced base section in a number of displacement
increments. The nonlinear and stress-dependent stress-strain and volumetric strain
properties of the soils are approximated by varying the values of the soil's elastic
modulus and bulk modulus in accordance with the calculated stresses, using the
Duncan et al. (1984) hyperbolic soil model. An increment of the analysis of the
fault rupture propagation problem is a specified displacement of part of the base
section below the overlying soil deposit. Each increment is analyzed twice. In the
first iteration, soil elastic modulus and Poisson's ratio values based on the stress
conditions in each soil element at the beginning of the increment are used, and in
the second iteration, the average of the stresses calculated at the end of the first
iteration and the original stresses at the beginning of the increment are used. The
two-iteration solution procedure thus allows modeling of the nonlinear stress and
stress-history dependent soil element properties. The results of the second
iteration of each increment are retained, and the changes in stress and strain in the

soil are added to the values at the beginning of the increment. After each
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increment is successfully solved and the incremental element stresses and strains
are calculated and added to the current solution, the final solution is reached.

During each iteration of each increment in the program SSCOMP, each sail
element can be in one of four possible states as defined by the hyperbolic soil
model: pi'imary loading, unloading-reloading, shear failure, or tensile failure. The

~ conditions for determining whether a soil element is in a state of primary loading
or in a state of unloading-reloading has been described previously. If the current
stress state (SS) is greater than or equal to the maximum previous stress state
(SSmax past), the element is in a state of primary loading, otherwise, it is in a state
of unloading-reloading. Shear failure occurs when the stress level of an element
exceeds 95% of its shear strength (i.e. SL = (61 -03)/(01-03)f > 095 - (o1 -
cd3)f). The soil element which fails in shear is effectively modeled as an
"incompressible fluid” with a very low elastic modulus and a Poisson's ratio near
0.5. Tensile failure occurs when the minor principal stress (03) is negative. The
soil element which fails in tension is effectively modeled as an "air element" with
an extremely low elastic modulus which limits additional tensional stresses to very
low magnitudes. Hence, this soil model achieves a near "no-tension" soil element
which is invaluable in realistic analyses of geotechnical problems.

Initially, during these preliminary analyses of the fault rupture propagation
problem, the computer program SSCOMP, which employs the incremental
nonlinear hyperbolic elastic soil model described previously, was used to analyze
fault rupture propagation through dry, cohesionless materials. As the review of
literature found, the vast majority of physical and numerical model studies of fault
rupture propagation through soils to date have employed dry, cohesionless soil
materials. Thus, these preliminary nonlinear finite element analyses will study the
behavior of dry, cohesionless materials since the previous well-documented

physical model tests employed dry, cohesionless materials. The primary objective
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of these preliminary finite element studies of fault rupture propagation through
soils, however, is to evaluate the suitability of the incremental nonlinear elastic
hyperbolic stress-strain soil model in finite element studies of fault rupture
propagation through soils. Additionally, it is hoped that these preliminary
nonlinear finite element studies will determine the sensitivity of the results of the

FEM analyses to possibly critical soil model parameters.

7.5.3 Incremental Nonlinear Elastic Analyses of Fault Rupture Propagation
through Dry Sand:

In these preliminary incremental nonlinear finite element analyses of fault
rupture propagation through soil, the soil overlying the displaced bedrock fault was
assumed to be a typical, well-graded, medium dense, dry sand. Appropriate
hyperbolic stress-strain, strength, and bulk modulus soil model parameters were
used to characterize the sand material (i.e.ym = 120 pcf, ¢’ = 36°,4¢"' = 5°,C =
0,K =300,Kyr =600,n =04, Rf = 0.7, Ky =75, m = 0.2). Ky was estimated in
these analyses to be either 0.5 or 1.0. In one set of analyses, the bulk modulus (B)
was made to be very large to constrain Poisson's ratio (¢) to be very close to 0.5.
Ordinarily, the value of Poisson's ratio during the analyses ranged from 0.35 to
0.45.

Manipulation of the hyperbolic representation of the soil's stress-strain

behavior shown in Figure 7-9(a):

(01-03) = € /[1/Ej + € /(o1 -03)] (7-10)

produces an equation useful for calculating the strain of the soil at various stress

levels:

€ = (01-03)/[Ei- (1/SL-Ry)] (7-11)
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It follows that the soil's shear failure strain which occurs at a stress level of 95% in

the program SSCOMP can be estimated as:

ef = (01-03)f/[Ei - (1.05-Rg)] (7-12)

Given the hyperbolic soil material properties used to describe the well-graded,

- medium dense, dry sand employed in these preliminary finite element analyses, the
shear failure strain of the sand was on the order of 4% to 10% depending on the
confining stress acting within the soil element at the time of failure. Since the
deviatoric stress at failure, (01 - 03)f, and the initial tangent modulus, E;, both
depend on the confining stress, o3, the shear failure strain necessarily depends on
the magnitude of the confining stress currently acting within a particular soil
element (e f= f (/o 3)).

Similar to the linear elastic-perfectly plastic finite element analyses
discussed previously in Section 7.4, a soil deposit 300 feet deep was modeled with a
fairly regular finite element mesh (384 isoparametric 4-node plane strain elements)
which possessed a length to height ratio of approximately 4:1. "Typical" base rock
faults of a vertical thrust fault, a thrust fault dipping at an angle of 45°, and a
normal fault dipping at an angle of 60° were studied.

Initial nonlinear finite element analyses of fault rupture propagation
indicated that relatively simple finite element models of the soil overlying the
displaced base rock fault (i.e. finite element meshes which had less than around
250 soil elements) could not reasonably model the development of shear rupfure
zones or tension zones within the soil mass. In fact, a relatively refined mesh was
required in the vicinity of the base rock fault to model the proper initiation of
shear failure in the soil, and especially, the development of tensile failure in the
soil. In addition, if reIatfvely large displacement increments were imposed (i.e.

increments of base displacement (or offset) greater than around 0.5% of the height
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of the soil overlying the base fault), the results of the incremental nonlinear finite
element analyses of fault rupture propagation were inconsistent. To allow the
nonlinear incremental elastic hyperbolic soil model to adequately represent the
true nonlinear stress-strain behavior of typical soils at or near failure, a larger
number of displacement increments had to be imposed. In the following
preliminary analyses of dry, cohesionless materials, approximately 20 displacement
increments were imposed before the final shear rupture zone propagated up to the
ground surface. |

Results of the incremental nonlinear elastic finite element analyses of the
propagation of a vertical base rock thrust fault through the overlying well-graded,
medium dense, dry sand are shown in Figures 7-10, 7-11, and 7-12. In the first case
(Figure 7-10), the coefficient of lateral earth pressure at rest (K,) was estimated to
be 0.5. In the second case (Figure 7-11), K, was estimated to be 1.0. In the third
case (Figure 7-12), K, was again estimated to be (.5, but Poisson's ratio (v) was
constrained to be close to 0.5 (hence, the sand was neither contractive nor dilative
during shearing, but instead, deformed at nearly constant volume). The Duncan et
al. (1984) hyperbolic soil model cannot model dilatant soil behavior, so the use of
this model in situations where soils tend to dilate when sheared is open to question.

The deformed mesh and displacement vector plot (Figures 7-10(5) and (b),
respectively) clearly show that in comparison to the results of the linear elastic
finite element analyses (See Section 7.3), the nonlinear finite element analyses.
predicted much greater localization of the vertical differential movement within
the soil overlying the base rock fault. In fact, the‘displacement vector plot (Figure
7-10(b)) shows that a majority of the soil above the base rock away from the
location of the base rock fault deforms as a fairly "rigid" block. In addition, the
displacement plot appears to indicate that the final rupture zone as defined by the

locus of points at each originally horizontal level in the soil mass where the change



2904

] 100.
it
y
wy g
N
T
N
— a.
. [ SCALE
(A) Deformed Mesh: 15" offset | 1500 15, emh (x & )
0 980.0 in. : Displacement
/ /.”/I’//l‘ﬂ.u“‘
{ ////////),.. PR
]fl/fl’u .

rrere.

”]flvn.... .
“h”-,.. ..
[Ter,

(B) Displacement Vectors: 15' offset

(C) Stress Level: 5’ offset

(D) Stress Level: 15' offset

LEGEND
- . Sheor Follure ® :SL > 08S 4 ;5L » 070 QO : Tenslon Fail

Figure 7-10:  RESULTS OF NONLINEAR FINITE ELEMENT ANALYSES
OF DRY SAND (K, = 0.5) WITH A 90° THRUST FAULT
MOVEMENT




295

T Il LI e 300.

-

1T
| I I A

rab i & & SER SRy m |

SCALE
0 1500 1t ; Mewh (x & y)

—t
o] 960.0 In. : Displacement

(A) Deformed Mesh: 15 offset

1
+—

(B) Stress Level: 5' offset

{C) Stress Level: 15 offset

LEGEND
W sheor Foiiure 4 :sSL » 088 A :SL > 070 Q : Tension Fail.

Figure 7-11: = RESULTS OF NONLINEAR FINITE ELEMENT ANALYSES
OF DRY SAND (Kg = 1.0) WITH A 90° THRUST FAULT

MOVEMENT



296

F 300.
i
™t g =
BE +4
L N
an
u
T 0.
SCALE
o 130.0 . : Mamh (x & y)
—
[+ 960.0 In. : Displocement

(A) Deformed Mesh: 20' offset

on
paus
ou

(B) Stress Level: 5' offset

-
-
|~

sT=l=f{=l=

. UULMUE

(C) Stress Level: 10 offset

LEGEND
Bl creer Foiurs 4 :SL > 085 A :SL > 070

C : Tenzion Fai.

Figure 7-12:  RESULTS OF NONLINEAR FINITE ELEMENT ANALYSES
OF DRY SAND (Kg = 0.5 & v = 0.49) WITH A 90° THRUST

FAULT MOVEMENT




297

in the magnitude of deformation along each originally horizontal level is a
maximum agrees reasonably well with the final rupture surface observed in the
sandbox model tests previously described in Section 3.3.2 (the "anchor pull-out”
type of failure pattern).

The stress level plots shown in Figures 7-10(c) and (d) appear to reasonably
predict the hypothesized two-phase development of the shear rupture zones in the
soil overlying a vertical base fault offset. Initially, a zone of highly stressed soil
forms above the upthrown block indicating the "inverted footing” type of failure.
As the base deformation increases, however, the actual shear failure zone
(identified by shaded elements) propagates up toward the ground surface along the
projection of the.vertical base rock fault below. Hence, the final solution is
kinematically admissible. In this case, the fault rupture reaches the ground surface
at a base offset of 15 feet (roughly 5% of the depth of the soil deposit overlying the
displaced base section). Similar to observations made in fault rupture field studies,
previous laboratory physical model tests, and previous finite element studies (See
Chapter Three), a zone of local extension (as evidenced by elements that fail in
tension as well as by elements that fail in shear because of the reduction of the
minor principal stress) forms at or near the ground surface in a region above the
upthrown block.

The deformed mesh and the stress level plots shown in Figure 7-11 indicate
that as the coefficient of lateral earth pressure at rest (Kg) is increased from 0.5 to
1.0 (the other hyperbolic model parameters remained the same as those used in
the first case), the failure surface predicted by the incremental nonlinear elastic
finite element analyses moves to a position over the downthrown block portraying -
more curvature of the shear failure zone near the ground surface. In these finite
element analyses of fault rupture propagation through a dry, cohesionless material,

the results appear to be fairly sensitive to the value of the soil parameter K,
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chosen. Published results of previous finite element studies of fault rupture
propagation through dry, cohesionless materials sometimes showed this same
sensitivity to the K soil parameter (e.g. Walters and Thomas, 1982; Section
3.3.3(e)), but previous investigators did not clearly acknowledge the significant
effects that variations in the Ky parameter had on their finite element results. The
anchor pull-out finite element study by Tagaya et al. (1983) did, however, show
thét the pull-out capacity of anchors in dry, cohesionless materials was sensitive to
the value of Kg. The other significant difference between these preliminary finite
element results where K, equaled 1.0 and the results where K, equaled 0.5 was
the development of a zone of tension located just above the downthrown block
adjacent to the vertical base rock fault in the finite element analyses where K,
equaled 1.0. The magnitude of base offset necessary to propagate the rupture zone
to the ground surface, however, remained on the order of 15 feet or roughly 5% of
the depth of the soil overlying the displaced base section for both K conditions.

In the third case, where the soil parameters are identical to those used in
the first case except that Poisson's ratio was constrained to be 0.49 so that the soil
deformed at essentially constant volume, the failure pattern that developed in the
soil was significantly different than that which developed in the first case. The
deformed mesh shown in Figure 7-12(a) appears to indicate that the differential
vertical movement is more localized when the soil deforms at constant volume.
The highly stressed region (SL > 0.70) and the actual shear failure zone depicted
in the stress plots shown in Figures 7-12(b) and (c) are also narrower in case three
where the soil deforms at essentially constant volume. The stress plots still portray
the initial "inverted footing" type of failure pattern as well as the final "anchor pull-
out" type of failure pattern as shown in the first analyses, but now only
approximately 10 feet of base fault offset is required to propagate the rupture zone

to the ground surface. Hence, a base offset of only 3.3% of the depth of the
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overlying sand layer is required to propagate the shear rupture zone to the ground
surface in case three; whereas, a base offset of 5% of the depth of the overlying
sand layer is required in the first case. It appears that when the soil deforms at
constant volume the base deformation (or offset) required to propagate the
rupture zone to the ground surface may decrease relative to that necessary when
the soil contracts during shear deformation. Finally, the constant volume analyses
prédict the development of a tension zone at the bottom of the soil layer near the
base rock fault at a smaller magnitude of base offset than in the case where
Poisson's ratio remained between 0.35 and 0.45 (contractive soil behavior). A
number of analyses were performed with Poisson's ratio (¢) equal to values
between 0.45 and 0.49 to determine if "mesh locking” affected the results of the
analyses (i.e. a numerical problem which sometimes occurs in a displacement
based finite element approach), and "mesh locking" whenv = (0.5 was not judged to
be a concérn in these analyses.

The transition from the initial phase of the shear rupture zone development
(the "inverted footing" type of failure) to the final phase of the shear rupture zone
development (the "anchor pull-out” type of failure) can be seen more clearly by
examining changes in the pattern of maximum shear strains that develop in the soil
overlying the displaced base rock fault. In Figures 7-13(a-c), the shaded elements
indicate the zone of maximum shear strain at each level in the soil layer at
increasing magnitudes of base deformation (or offset) during the first set of finite
element analyses. Figure 7-13(d) (results from the second finite element analyses
where K, = 1.0) illustrates one of the effects of increasing the value of K, from 0.5
to 1.0. Figures 7-13(a-c) clearly show that as the magnitude of base deformation
(or offset) increases, the zone of maximum shear strain changes from a position
which is concave over the upthrown block to a position which is slightly concave

over the downthrown block near the ground surface. Figure 7-13(d) shows that
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increasing the value of K, moves the shear rupture zone farther over the
downthrown block at the same magnitude of base offset (i.e. 15 feet of base offset).

Additional finite element analyses of fault rupture propagation through dry,
cohesionless materials were performed with the base rock fault expressing a thrust
fault movement dipping at an angle of 45° and a normal fault movement dipping |
at an angle of 60°. The results of two of these analyses are shown in Figures 7-14
and 7-15. In these two analyses, the well-graded, medium dense, dry sand overlying
the base fault was modeled with essentially the same hyperbolic model parameters
employed in the finite element analyses previously described in this section. The
coefficient of lateral earth pressure at rest was assumed to be 1.0 for this FEM
analysis of the 45° thrust fault, and K, was assumed to be 0.5 for this FEM
analyses of the 60° normal fault. Both sets of the FEM results appeared to agree
fairly well with the results of the sandbox experiments described in Section 3.3.2.
The rupture zone produced by the 45° thrust fault movement reached the ground
surface at a vertical base deformation (or offset) of 14 feet (4.7% of the depth of
the overlying sand deposit); whereas, the rupture zone produced by the 60° normal
fault movement reached the ground surface at a vertical base deformation (or
offset) of 9 feet (3% of the depth of the overlying sand deposit). The Cole and
Lade (1984) fault rupture propagation sandbox model tests also indicated that the
rupture zone through the dry, cohesionless materials employed in their study
propagated faster when the base rock fault movement was a normal dip-slip offset
instead of a thrust dip-slip offset.

In the finite element analyses of fault rupture propagation through dry,
cohesionless materials, the rupture zone widened as it propagated upwards toward
the ground surface. Hence, when the rupture zone reached the ground surface, it
was often excessively wide. In physical model tests, the majority of differential

movement was concentrated on distinct failure planes. The wider shear failure
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zone produced in these finite element analyses was, however, likely to envelop the
distinct shear failure planes that actually formed in the physical model tests.
Furthermore, the base deformation (or offset) required to propagate the shear
rupture zone (although it was wider than that produced in the physical model tests)
to the ground surface in the finite element models was on the same order of
magnitude of that required to propagate the rupture zone to the ground surface in
thé physical model tests (i.e. base offset of on the order of 2% to 6% of the depth
of the overlying sand layer). Moreover, the general characteristics of the failure
pattern that developed in the soil overlying a displaced base rock fault predicted by
these incremental nonlinear elastic finite element analyses appeared to agree
reasonably well with those shown to occur in fault rupture propagation and anchor
pull-out physical model tests. Therefore, an appropriate finite element analysis
which employs a nonlinear, stress-strain soil behavioral model appears to be
capable of modeling the development of shear rupture zones during fault rupture
propagation through soil with sufficient accuracy as to represent a useful

engineering tool.

7.5.4 Summary:

The results of the preliminary incremental nonlinear elastic finite element
analyses of fault rupture propagation through dry, cohesionless soils agree in a
general sense with the observed failure patterns that develop in physical model
tests. Hence, it appears that the computer program SSCOMP which employs the
Duncan et al. (1984) hyperbolic soil model can be used to provide insights into the
fault rupture propagation phenomenon. This application of the finite element
method did, however, illustrate some of the shortcomings of this numerical
approach. For example, these finite element analyses typically predicted a shear

failure zone through the soil overlying the displaced bedrock fault that was
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excessively wide. On the other hand, the critical characteristics of the development
of shear and tension zones in the soil agreed suitably well with observations made
during physical model tests so as to provide some level of confidence that the
application of the program SSCOMP in the analyses of fault rupture propagation
through soil was reasonable.

These preliminary incremental nonlinear elastic finite element analyses
brdught forth a number of important observations. To improve the accuracy and
reliability of these analyses, it is relatively important to employ a large number of
smaller sized elements located in the expected region of shear and tension failure.
Furthermore, it is relatively important to use a reasonable number of displacement
(or load) increments in the solution technique to ensure that the nonlinear stress-
strain behavior of the deforming soil can be adequately modeled. The coefficient
of lateral earth pressure at rest (Kg) was shown to be a critical soil parameter in
analyses of dry, cohesionless materials. Increasing the magnitude of the K,
parameter used to define the soil's initial stress state causes the rupture zone to
move farther over the downthrown block. Decreasing the soil's tendency to
contract in volume during shear deformation causes the shear rupture zone to
propagate upwards toward the ground surface at a faster rate. In addition, when
the soil deforms at essentially constant volume, the shear rupture zone becomes
significantly narrower than if the soil displayed contractive volume-change
behavior during shear deformation. The stress level plots and the maximum shear
strain plots both clearly illustrate the two-phase development of the shear rupture
zone in the soil overlying a displaced vertical base rock thrust fault. Initially, a
zone of highly stressed soil forms over the upthrown block during a vertical base
rock fault offset (the "inverted footing" type of failure). As base deformation (or
offset) continues, the orientation of the shear rupture zone becomes more vertical,

and in the final stages of base deformation, the shear rupture zone forms either
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vertically above the vertical base rock fault or slightly bent over toward the
downthrown block (the "anchor pull-out” type of failure). Hence, the incremental
nonlinear elastic finite element results were kinematically admissible and agreed
reasonably well with observations made during physical model tests of fault rupture

propagation and anchor pull-out.

7.6- Lessons to be Learned from the Preliminary Numerical Analyses Regarding
Fault Rupture Propagation

In Chapter Seven, a number of numerical methods, and consequently, a
number of soil constitutive models, were reviewed and evaluated to determine
their respective suitability in the study of fault rupture propagation through soil. A
number of important lessons were learned from this preliminary review,
evaluation, and selection of the numerical analysis method to be applied in this
study of the fault rupture propagation phenomenon.

Although the use of the discrete element method looks promising in the
analysis of dry soil masses within which shear and tension discontinuities form
during deformation, it is a relatively recent approach which requires further
development and validation before it can be routinely applied to complex
geotechnical problems. The finite difference method with dynamic re]ﬁation also
appears to require additional work before this numerical method can be routinely
applied in the study of the fault rupture propagation problem. On the other hand,
although the finite element method (displacement approach) has limitations,
especially in the analysis of the development of failure patterns in soil masses
because it is based on the principles of continuum mechanics, it has been
successfully utilized to analyze the process of soil rupturing in previous fault
rupture propagation studies and in previous anchor pull-out behavior studies.

Moreover, this study's preliminary finite element analyses of fault rupture
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propagation through soil indicated that the finite element method could provide
valuable insights into the fault rupture propagation phenomenon provided that the
soil's nonlinear stress-dependent, stress-strain behavior was adequately modeled.

The selection of the soil constitutive model to be employed in the numerical
method used to analyze the fault rupture propagation problem proved to be
crucial. Linear elastic and linear elastic-perfectly plastic constitutive models
prdduced inconsistent results when employed in the finite element method, but the
incremental nonlinear elastic hyperbolic soil model provided significantly better
predictions of observed behavior.

The linear elastic analyses of fault rupture propagation did emphasize the
importance of monitoring relative nodal displacements (deformed meshes or
displacement vector plots) during the fault rupture process for locating the
probable rupture zone through the overlying soil. In fact, it appeared that plots of
the distribution of maximum shear strain within the soil overlying the displaced
base rock fault predicted the region in which the fault rupture zone would most
likely develop fairly well. The linear elastic finite element analyses failed,
however, to reliably predict the final phase of the development of the shear rupture
zone through the disturbed soil (the "anchor pull-out” type of failure). Often, the
results from these analyses were not kinematically admissible. |

The linear elastic-perfectly plastic finite element analyses of fault rupture
propagation through soils were better able to predict observed behavior. The zone
of differential displacement in the soil was much more localized when the linear
elastic-perfectly plastic soil constitutive model was employed. This soil constitutive
model still suffered, however, from the assumption that the pre-failure load-
deformation behavior of the soil was linear eléstic. Plots of maximum shear stress
contours in the disturbed soil overlying the displaced base rock fault were broad

and symmetrical, and hence, did not agree reasonably well with observations made
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during physical model studies and previous finite element studies of the process of
soil rupturing. Moreover, stress level plots, which depicted the development of the
shear zone with increasing magnitudes of base deformation (or offset), did not
predict the two-phase development of the shear rupture zone above an uplifted

base section (i.e. the "inverted footing" and the "anchor pull-out” phases of failure).

Furthermore, the linear elastic-perfectly plastic finite element analyses incorrectly

prédicted that the rupture zone would first reach the ground surface over the
upthrown block. Finally, these analyses re-emphasized the impgrtance of
adequately modeling the soil's failure strain in this class of problem. It appeared
that it was important to correctly represent the soil's actual failure strain in the
finite element analyses of fault rupture propagation.

The hyperbolic soil model, which adequately represeﬂts the nonlinear
stress-strain behavior of soil during shear deformation, appeared to provide
acceptable results when employed in an incremental finite element approach,
Results of the computer program SSCOMP, which employs the Duncan et al.
(1984) hyperbolic soil constitutive model, agreed reasonably well with the results of
a number of sandbox and clay-box physical model experiments involving fault
rupture propagation and anchor pull-out. The hyperbolic soil constitutive model
utilized the traditional Mohr-Coulomb failure criterion which was found to be
acceptable in previous studies of this class of problem. Opinions differed as to
whether a soil constitutive model employed to study the development of failure in
a soil should include velocity characteristics such as the angle of dilation as well as
the usual stress characteristics such as the angle of friction. In the majority of
cases, it was judged that the difference between the stress characteristics (e.g. the
angle of friction) and the velocity characteristics (e.g. the angle of dilation) of the

deforming soil mass would be relatively small and would, in fact, be even less
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significant in a total stress analysis of a saturated clay under undrained conditions
where dilation would not occur.

The preliminary incremental nonlinear elastic finite element analyses of
fault rupture propagation through dry, cohesionless materials were judged to
indicate that this numerical approach appears to be capable of modeling the
development of shear and tension zones during fault rupture propagation with
sufficient accuracy as to represent a useful engineering tool. The analyses provided
a number of useful observations of the rupturing of soil as a result of a base rock
fault offset. Increasing the value of the soil parameter K caused the rupture zone
to move to a position more over the downthrown block. In addition, decreasing
the soil's tendency to contract in volume during shear deformation decreased the
magnitude of base offset necessary to propagate the rupture zone to the ground
surface. In general, a vertical base deformation (or offset) of on the order of 2% to
6% of the depth of the soil overlying the displaced base rock fault was required to
propagate the rupture surface to the ground surface for the cases analyzed (i.e. 300
foot deep deposit of well-graded, medium dense, dry sand with typical engineering
soil properties).

The incremental nonlinear elastic finite element analyses of fault rupture
propagation required relatively refined finite element meshes (on the order of 400
soil elements to represent a 2-D plane strain condition where the length to height
ratio was approximately 4:1) to adequately model the development of shear zones
and especially. tension zones in the vicinity of the base rock fault. In addition, a
larger than usual number of displacement (or load) increments had to be imposed
in the computer program SSCOMP (20 instead of the usual S to 10) to allow the
hyperbolic soil model to adequately represent the nonlinear stress-strain behavior
of soil at or near failure. In so doing, the Duncan et al. (1984) hyperbolic soil

model appeared to reasonably accurately model the decrease in a soil element's
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stiffness as that soil element approached shear failure (maximum deviatoric stress).
Finally, the incremental nonlinear elastic analyses correctly predicted the two-
phase development of the shear rupture zone in the soil overlying a displaced
vertical dip-slip base rock fault (i.e. initially, the "inverted footing" type of failure;
followed by the "anchor pull-out" type of failure; See Figure 4-7). In the next
~ chapter, the results of a reasonably comprehensive finite elcment‘ study of fault
mpture propagation through saturated clay using a modified version of the
program SSCOMP employing a revised Duncan hyperbolic soil model will be

presented and discussed.
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CHAPTER EIGHT:
FINITE ELEMENT ANALYSES OF FAULT RUPTURE
PROPAGATION THROUGH SATURATED CLAY

8.1  Introduction

The preliminary finite element analyses of fault rupture propagation
thrbugh soil presented in Chapter Seven suggest that the finite element method
can be successfully applied to this class of problem provided that the soil's
nonlinear stress-dependent, stress-strain behavior is adequately modeled. The
computer program SSCOMP, which employs the Duncan et al. (1984) hyperbolic
soil model, appears to be capable of producing results which agree reasonably well
with the patterns of soil behavior observed in sandbox model tests of fault rupture
propagation. In addition, the preliminary finite element study presented in
Chapter Seven provided a number of observations of the sensitivity of the results of
the numerical analyses to variations in critical soil parameters. The preliminary
evaluation and selection of an appropriate numerical method to be utilized in the
study of fault rupture propagation also highlighted a number of deficiencies in the
finite element method. Overall, appropriate nonlinear finite element analyses such
as the incremental nonlinear elastic finite element approach employed in
SSCOMP were judged to be capabie of modeling the development of shear and
tension zones during fault rupture propagation with sufficient accuracy as to
provide a good basis for engineering analyses.

Previous numerical studies of fault rupture propagation described in Section
3.3.3 and the preliminary nonlinear finite element analyses described in Section 7.5
indicate that the finite element method can, at least in a general way, analyze the
development of failure in a dry, cohesionless material under certain circumstances.

The reasonably comprehensive review of literature performed during the course of
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this research found, however, that few previous numerical analyses of fault rupture
propagation through saturated clay under undrained conditions had been
performed. As discussed previously, the core section of the earth dam is critical to
the stability and safe performance of the earth dam built across a potentially active
fault. Although a number of other hazards are associated with the rupturing of a
fault which passes through the foundation of the earth dam, the hazards associated
with the destabilization or failure of the core section of the earth dam pose the
gravest dangers to the overall stability of the earth dam. Since the majority of core
sections of earth dams are constructed of clayey soils, which in time become
saturated, there is a real need to analyze fault rupture propagation through
saturated clayey materials under undrained conditions. This will be the focus of
the finite element studies presented in Chapter Eight.

In Section 8.2, a slightly modified version of the Duncan et al. (1984)
hyperbolic soil model will be developed for use in the computer program SSCOMP
to analyze a number of problems involving fault rupture propagation through
saturated clay under undrained conditions. In Section 8.3, to validate the use of
this incremental nonlinear elastic finite element program, an attempt will be made
to predict the results of the fault rupture propagation clay-box model tests
performed as a part of this research program and described previously in Chapter
Six. In addition, the Davie (1973) anchor puil-out tests in saturated clay materials
will be analyzed in Section 8.4. The results of a general finite element study of
fault rupture propagation through saturated clay under undrained conditions will
then be presented in Section 8.5. The applicability of these two-dimensional, plane
strain finite element analyses to the study of the performance of an earth dam core
section compased of clayey materials will also be discussed. Finally, in Section 8.6,

the lessons to be learned from the incremental nonlinear elastic finite element
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analyses regarding fault propagation through saturated clay under undrained

conditions will be presented.

82 Incremental Nonlinear Elastic Analyses of Saturated Clays

The operation of the computer program SSCOMP which employs the
Duncan et al. (1984) hyperbolic soil model has been described previously in
Section 7.5.2. The equations presented in Section 7.5.2, as well as Figure 7-9 which
illustrates the Duncan hyperbolic stress-strain relationship, describe how the
hyperbolic soil model parameters combine to represent the stress-strain and
volumetric strain behavior of typical soils. One of the principal assumptions
inherent in the Duncan hyperbolic soil model is that the stiffness and the strength
of the soil are functions of the minor principal stress. Equations 7-1 and 7-3 (See
Section 7.5.2) show that the soil's stiffness and strength increase as the minor
principal stress increases during incremental loading. In the analyses of dry,
cohesionless sand described previously in Section 7.5, where no porewater pressure
exists, the total stresses calculated by the finite element method are equal to the
effective stresses within the soil element (o0 = ¢' + u; u = 0), and thus, if effective
strength soil parameters are used (¢, ¢'), the Duncan hyperbolic soil model
reasonably adjusts the soil's stiffness and strength with calculated variations of the
minor principal stress. Therefore, in a drained analysis of a soil mechanics
problem, the Duncan hyperbolic soil model can be employed in a straightforward
manner in an incremental finite element program such as SSCOMP provided that |
the appropriate soil parameters are used.

In an undrained analysis of a geotechnical problem, howe‘ver, the Duncan
hyperbolic soil model cannot always be applied in such a straightforward manner.
If the undrained analysis is to be performed in terms of effective stresses, then

changes in the porewater pressure at points within the soil mass will produce
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corresponding changes in the effective stress within the soil mass. But changesina
soil's porewater pressure during shear deformation or loading are not explicitly
incorporated into the hyperbolic soil model. As discussed in the previous
paragraph, the hyperbolic soil model's governing equations modify the soil's
stiffness and strength in terms of changes in the calculated minor principal stress,
but within the program SSCOMP, the calculated changes in the minor principal
stress are made with respect to global (or total) changes in stress due to external
force equilibrium. No attempt is made in the program or in the soil constitutive
model to directly adjust the calculated minor principal stress (which is, in essence,
the total minor principal stress) for possible changes in the porewater pressure
within the soil mass. Thus, in an effective stress analysis of an undrained loading of
a soil mass, the Duncan hyperbolic model requires that changes in the porewater
pressure at each stage of the incremental loading be reasonably predicted and the
calculated minor principal stress (which is a total stress) be adjusted
correspondingly so that the model consistently utilizes only effective stresses within
the soil constitutive model. The application of the Duncan hyperbolic soil model
in this case (an effective stress analysis of an undrained loading) appears to be
quite cumbérsome and suspect in the sense that it will only be as accurate as the
predictions of the incremental changes in porewater pressure at each point in the
deforming soil mass.

It appears more reasonable to perform an undrained analysis with the
Duncan hyperbolic soil model by utilizing a total stress approach. In a total stress
analysis, changes in the total minor principal stress which occur during shear
deformation do not produce changes in the soil's stiffness or strength. Instead, the

- strength of the soil at a point (or within a soil element) would depend only on its
initial state and it would not change as the total stress variables changed during the

incremental loading. Likewise, the stiffness of the soil at a point (or within a soil
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element) would depend only on its initial state and its current stress level (or how
close the soil was to failure), and it would not change as the total minor principal
stress variable changed during incremental loading. Hence, soil strength in a total
stress analysis utilizing the incremental nonlinear finite element program
SSCOMP, which employs the Duncan et al. (1984) hyperbolic soil model, would be
defined as a constant parameter which did not depend on changes in the calculated
minor priﬁcipal stress. In addition, soil stiffness in a SSCOMP total stress analysis
would be defined as a function which depended only on changes in the calculated
stress level during incremental loading. Of course, the assumption inherent in this
total stress approach is that the total stress hyperbolic soil model parameters
adequately represent the behavior of the soil in the field. It is assumed that the
excess porewater pressures generated in the field respond similarly to the excess
porewater pressures generated during the laboratory tests employed to estimate
the hyperbolic soil model parameters.

In mathematical terms (see Equation 7-3 of Section 7.5.2), for the soil
strength to be independent of changes in the minor principal stress in the
framework of the Duncan hyperbolic soil model, the model's soil strength
parameter "$" must be set equal to 0 (so that 2-03-sin¢ = 0). Likewise,
examining equation 7-1 (See Section 7.5.2), for soil stiffness to be independent of
changes in the minor principal stress in the framework of the hyperbolic soil
model, the soil parameter "n" must be set equal to 0 (so that (63/P3)" = 1). Thus,
in a total stress analysis, the hyperbolic soil model Equations 7-3 and 7-1 can be

simplified as follows:
(@1-03)f =2C (8-1)

E;=(1-Rf SL)2K- P, (8-2)
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Similarly, Equations 7-4 and 7-7 (See Section 7.5.2) can be simplified to:
Ei=K- P, (8-3)

Eur = Kur - Py (8-4)

Another consideration in a total stress analysis of an undrained loading of
saturated clay is the need to adequately model the constant volume behavior of the
soil mass during shear deformation. To achieve constant volume behavior,
Poisson's ratio (¢) must be constrained to be .5 or close to 0.5 (in the Duncan
hyperbolic soil model, v = 0.49 to represent constant volume behavior). Because
v = 1/2 - E/6B (Equation 7-9), Poisson's ratio () can be made to be equal to 0.49
by setting the bulk modulus equal to roughly seventeen (17)-times the tangent
modulus (E;). In fact, the program SSCOMP currently constrains the bulk
modulus (B) in such 2 manner (e.g. B = 17 - E;) when the Mohr-Coulomb friction
angle strength parameter 3" is less than 2.3°. Hence, the values of the model
parameters "K" and "m" described in Equation 7-8 (See Section 7.5.2) are
irrelevant in these total stress analyses where "¢" has already been set equal to 0.
Finally, the initial ratio of 03 to 0 1 in terms of total stress must be calculated to be
input into the program SSCOMP in lieu of Ky = 03'/o 1, which is in terms of
effective stress.

These considerations can be satisfied with ’the Duncan et al. (1984)
hyperbolic soil model currently employed in the computer program SSCOMP by
direct manipulation of the values of the soil parameters input into the model. The
hyperbolic soil model's current tension failure criteria, however, had to be
modified to permit a reasonable total stress analysis of an undrained loading of a
typical geotechnical problem. Currently, the program SSCOMP defines tensile

failure in a soil element when the minor principal stress (o 3) is negative. The bulk
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modulus (B) assigned to represent a soil element which undergoes tensile failure is
computed with Equation 7-8 (See Section 7.5.2) using 63 equal to 0.02 times the
atmospheric pressure, and the soil's tangent modulus (E¢) is set equal to one-tenth
of the bulk modulus. In cases where the model parameter "m" equals 0, as is the
case in a total stress analysis of an undrained loading of saturated clay (actually, in
any analysis where the parameter "m" equals 0, which may occur in effective stress
analyses involving cohesionless soils, this manner of defining tensile failure does
not work as intended), the bulk modulus assigned to an element which fails in
tension does not become an extremely small number as intended because with the
exponent "m" equal to 0, the value of (63/Pa)™ always equals 1.0 and
B ="K - P, (which can be a number of substantial magnitude). Consequently,
since the soil's tangent modulus equals only one-tenth of the bulk modulus, the
stiffness assigned to the soil element which fails in tension is not reduced to an
extremely low value as intended, but instead, it can also be a number of substantial
magnitude. Hence, the soil element that fails in tension continues to take on
additional negative stresses and the soil does not behave as a "no-tension" material.
This can produce significant discrepancies in analyses where the "no-tension”
criteria is critical to the proper analysis of a geotechnical problem.

To remedy the computer program'’s inability to achieve the desired "no-
tension" soil behavior when a soil element's minor principal stress is negative,
SSCOMP has been modified to automatically set the soil's stiffness (or tangent
modulus, E4) to a relatively low value by employing the following equation when

the model parameter "m" equals 0:
Ei{ =K - Py 0.0001 (8-5)

The factor (0.0001) reduces E; when m = 0 by roughly the same order of

magnitude as the original Duncan et al. (1984) algorithm reduced E; when m = 0.
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The results of the analyses of the fault rupture propagation problem were
essentially insensitive to reasonable variations in this factor (0.0001). The bulk
modulus (B) is set equal to seventeen (17) times the tangent modulus (E¢) to
maintain Poisson's ratio at approximately 0.49. With this algorithm, the soil
stiffness of a soil element which undergoes tenstle failure is extremely low so that
the soil element does not take on significant additional tensile stresses. Hence, the

| "no-tension” soil behavior which is critical to properly modeling fault rupture
propagation through soil is maintained.

In summary, for the special case of employing the program SSCOMP, which
employs the Duncan et al. (1984) hyperbolic soil model, to perform a total stress
analysis of saturated clay under undrained loading conditions, the general
equations describing the soil constitutive model described previously in Section

7.5.2 are simplified as follows:

E(=(1-Rf- SL2K- P, (8-6)
SL =(01-03)/(01-03)f (8-7)
(61-03)f=2C (8-8)
Ei=K:- P, (8-9)
Rf = (01-03)/{@1-03)hl | (8-10)
Eyr = Kyr- Pa (Kyr= (15-2.0) - K) (8-11)
B=17 - E (ie.v = 049) (8-12)

In all, effectively only four soil parameters (C, K, K, Rf) are required to define
the stress-strain and volumetric strain behavior of the soil at a particular point in a
soil mass. Since strength and stiffness are a function of the initial state of the
saturated clay in a total stress analysis, however, these parameters (C, K, Kyr, Rf)

should be uniquely defined within each soil element within the finite element
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model to adequately represent the earth mass to be modeled. For example, in the
case of level ground where the soil's strength and stiffness typically vary as some
function of the depth with the soil mass, sufficient horizontal layers of soil elements
should be employed in the finite element mesh to adequately model the variation
of soil properties (strength and stiffness) with depth. Once incremental loading
initiates, while an element is in a state of primary loading, its strength will remain
constant and its stiffness will decrease as the stress level increases (i.e. as the soil
element approaches failure; failure being defined as the maximum deviatoric
stress). If the element is in a state of unloading/re-loading the stiffness is defined
by Equation 8-11.

Finally, the results of the clay-box model tests and the preliminary finite
element analyses of this research described previously in Chapters Six and Seven,
respectively, as well as findings from the review and evaluation of previous studies
(Chapters Two through Five), have all emphasized the potential importance of
adequately describing the soil's failure strain in studies of fault rupture pr.opagation
through soils. In defining the hyperbolic soil model parameters used to represent
the stress-strain behavior of the clay soil overlying a bedrock fault, it is essential
that the combined effect of establishing values for the model parameters C, K, Ky,
and R¢ be understood, since together they uniquely define the soil's shear failure
strain (¢ f). Simplifying Equation 7-12 (See Section 7.5.2) for the special case
where (01 - 03)f = 2C, the saturated clay's axial failure strain during undrained

loading is defined by:
ef=2C/ K- P4(1.05-R¢) (8-13)
a f

where P, equals the atmospheric pressure. Since in the majority of geotechnical

problems, the strength parameter "C" is usually known with the highest level of



320

confidence, for a given value of C, the model parameters K and R¢ should be

controlled to ensure that the critical soil parameter "¢ { 1s properly defined.

83 Analyses of Fault Rupture Propagation in the Clay-Box Model Tests

In Chapter Six, the results from a series of eleven clay-box model tests of
fault rupture propagation through saturated clay were presented. In this section,
the computer program SSCOMP, which employs the modified version of the
Duncan et al. (1984) hyperbolic soil model described previously in Section 8.2, is
applied to the known conditions of these clay-box model tests to examine the
capability of this numerical method to reasonably predict the observed results of
the fault rupture propagation clay-box model tests. The results of the clay-box
model tests will be used to validate the use of the program SSCOMP in a more in-
depth study of fault rupture propagation through saturated clay.

The conduct of the clay-box model tests was described in detail in Chapter
Six. The stress-strain behavior of the saturated kaolinite-bentonite model clay
under undrained conditions has been described by the results of a number of
stress-controlled unconfined triaxial compression tests (See Figures 6-5 and 6-7).
The majority of the clay-box tests (tests 1-9) were conducted at a relatively fast rate
of base displacement (time to failure = 30 - 60 seconds) immediately after
placement of the model clay with the model clay at a water content of
approximately 130%. The model clay under these conditions behaved as shown in
Figure 6-5. Under these conditions, the undrained shear strength of the model clay
was approximately 32 psf and the axial failure strain of the clay was on the order of
11%. The hyperbolic stress-strain relationship which "best” describes the general
behavior of the model clay under these circumstances is shown as the solid line in
Figure 6-5. The hyperbolic soil model parameters that produce this hyperbolic

stress-strain relationship are:
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C = 34psf (in SSCOMP, shear failure occurs at SL = 95%)
K =25 |

Kyr= 15K =375

Rf = 0935

€ f = 11%)

@ =06=0m=n=0,K, =17- K)

In addition, the unit weight (v) of the model clay was roughly 100 pcf, and the
initial coefficient of lateral earth pressure at rest (Kg; which is in terms of initial
effective stress) was assumed to be 0.7 (i.e. in total stress,03/0 1~ 0.89). In earlier
finite element studies of soil rupture through cohesionless materials, the results of
the finite element analyses were found to be sensitive to variations in the
parameter K. In these analyses of the clay-box model tests (undrained loading of
saturated clay), however, varying the value of K, within the range of 0.6 to 0.9 did
not significantly affect the finite element results.

Hyperbolic model parameters were also developed to represent the
behavior of the model clay under the conditions of clay-box model tests 10 and 11
(See Figure 6-7). In model test 10, the clay-box tést was performed at a relatively
rapid rate of base displacement after the model clay was allowed to set up over a
period of 24 hours after placement of the model clay, which maintained a constant
water content of approximately 130%. Under these conditions, the undrained .
shear strength of the model clay was now approximately 37 psf and the axial failure
strain of the clay was on the order of 6% to 7%. The hyperbolic soil model
parameters that "best” represent the stress-strain behavior of the model clay

material under these conditions are:
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C = 39psf

K =36

Kyr= 15K =54
Rf = 0.895

(f = 6.5%)

In model test 11, the clay-box test was performed at a re]ativyely slow rate of
base displacement (time to failure = 120 - 180 seconds) immediately after
placement of the model clay, which had a water content of approximately 130%.
Under these conditions, the undrained shear strength of the model clay was now
approximately 31 psf and the axial failure strain of the clay was on the order of
14% to 16%. The hyperbolic soil model parameters that "best" represent the

stress-strain behavior of the model clay under these conditions are:

C = 33psf

K =185

Kyr= 1.5K = 278
Rf = 0.941

f = 15%)

The finite element model of the clay-box tests was a two-dimensional, plane
strain model of a vertical section through the clay-box oriented perpendicular to
the strike of the base fault plane. The finite element mesh employed nearly 470
4-node isoparametric soil elements with the majority of smaller elements
concentrated in the region directly above the base fault. Similar to the clay-box
model testing apparatus, the left half was displaced up or down along prescribed
base fault plane orientations. To ensure that the nonlinear incremental elastic

finite element approach adequately represented the nonlinear stress-strain
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behavior of the model clay material, approximately 50 base displacement
increments were utilized to propagate the shear rupture zone to the ground surface
of the clay layer. Although preliminary finite element analyses suggested that only
20 to 30 displacement increments were necessary to ensure that the nonlinear
stress-strain behavior of the soil was adequately modeled, the additional
displacement increments were employed because the additional computational
effort was not significant. In fact, the program SSCOMP required only
approximately 4 hours of total time on a Digital Micro-VAX mini-computer to
perform a 50 displacement increment solution of a finite element model with
nearly 470 elements and more than 550 nodal points.

Results of the incremental nonlinear finite element analyses of clay-box
mode] test 9 (60° base thrust fault movement; model clay's failure strain equals
119%) are shown in Figure 8-1. In a general sense, the deformation of the ground
surface of the clay layer shown in the deformed mesh of Figure 8-1(a) agrees fairly
well with the ground deformation which occurred during the clay-box model test
(See Figures 6-22 and 6-25). Within the soil mass, the finite element method
employed does not show the distinct failure planes which develop in the clay-box
model test, instead a wider zone of distortion indicates the region within which the
distinct failure planes might occur. |

The upward propagation of the shear rupture zone and the development of
tension at the base of the clay layer adjacent to the base fault offset are shown in
Figures 8-1(b) and 8-1(c). Initially, the shear rupture zone tends to propagate
straight up above the upthrown base section (the "inverted footing" type of failure).
With additional base offset, the shear rupture zone bends over toward the
downthrown block and ruptures the ground surface roughly along the projection of
the 60° base thrust fault satisfying kinematic constraints (the "anchor pull-out" type

of failure). The shear rupture zone reaches the ground surface at a vertical base
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offset of roughly 0.085- feet or 11% of the depth of the overlying clay layer, which
agrees reasonably well with the results of clay-box model test 9 where a vertical
base deformation of between 10% to 11% of the depth of the overlying clay layer
was required to propagate the rupture zone to the ground surface. Again, in this
finite element approach, the shear rupture is not localized to a distinct failure
plane, but instead a wider zone of shear failure. Accepting this limitation of the
finite element method, the finite element analyses predict at least in a general way
the zone within which distinct shear failure planes form. Figure
8-1(d) shows that the plot of maximum shear strain contours is also useful in
identifying the most likely location of the shear failure planes which actually
develop in the clay-box model test. Finally, Figure 8-1(b) appears to indicate that a
small, local zone of tension develops in the vicinity of the base fault. It was
difficult to see the development of tension zones at the base of the clay-box during
the 60° thrust fault movement model tests.

Results of the incremental nonlinear finite element analyses of clay-box
model tests 10 and 11 (60° base thrust fault movement; model clay's failure strain
equals 6.5% and 15% in model tests 10 and 11, respectively) are shown in Figures
8-2 and 8-3. Whereas, it took a vertical base offset of roughly 11% of the depth of
the clay layer to propagate the shear rupture zone to the ground surface in the
finite element analysis of clay-box model test 9 where the failure strain of the clay
was in the order of 11%; the finite element analyses of model test 10 predict that a
vertical base offset of only 0.055 feet or 7% of the depth of the clay layer is
required to propagate the shear rupture zone tb the ground surface when the
mode! clay's failure strain has been reduced to only 6.5%. The finite element
prediction of the magnitude of base offset necessary to propagate the rupture zone
to the ground surface (7% Dg) agrees reasonably well with the result of the clay-

box model test (6% Dg). In addition, the formation of the shear rupture zone in
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clay-box model test 10 is predicted reasonably well by this nonlinear finite element
analysis.

The finite element analyses of model test 11 predict that a vertical base
offset of 0.075 feet or 14% of the depth of the clay layer is necessary to propagate
the shear rupture zone to the ground surface, and this agrees fairly well with the

- results of clay-box model test 11 where a vertical base offset of between 11% to
13% of the depth of the overlying clay layer was required to propagate the rupture
zone to the ground surface. In all three finite element analyses of the 60° thrust
fault model tests (as well as in the actual clay-box model tests), the shapes of the
shear rupture zones in the soil mass are fairly similar. Figure 8-4, which shows the
agreement between the nonlinear finite element analyses' prediction of the rate of
growth of the shear rupture zone with respect to the observed rate of growth of the
rupture zone during the clay-box model tests, appears to indicate that the
incremental nonlinear elastic finite element program SSCOMP (which employs a
modified version of the Duncan et al. (1984) hyperbolic soil model) is capable of
predicting the general development of failure in the soil overlying a base fault
movement. It appears that the ability of the hyperbolic scil model to adequately
represent the essential characteristics of the soil's stress-strain ‘behavi‘or,
particularly, the soil's failure strain, is the primary reason for this numerical
method's success in satisfactorily predicting fault rupture propagation through
saturated clay.

Results of the finite element analyses of clay-box model test 8 (See Figure
8-5: 60° normal fault movement; failure strain of the model clay equals 11%) also
apbear to agree fairly well with the observed behavior of the saturated clay
material during the 60° normal fault model tests described previously in Section
6.3.4. The shear rupture zone in the clay soil in both the numerical analyses and

the clay-box tests appears to generally follow the projection of the underlying base
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fault. The rupture zone reaches the ground surface in the finite element analyses
at a vertical base offset of around 8% to 9% of the depth of the clay; whereas, the
rupture zone propagates up to the ground surface in the clay-box tests at a vertical
base offset of on the order of 10% to 11% of the depth of the clay.

The results of these nonlinear finite element analyses appear to be
somewhat sensitive to the tension failure criteria employed in the numerical
model. The rupture zone reaches the ground surface earlier in the finite element
analyses of the 60° normal fault movement because the finite element analyses
predict that tension develops at the ground surface as the shear rupture is
propagating up from the base offset. Hence, a complete rupture zone through the
saturated clay is formed through the clay layer at a lower magnitude of base
deformation with shear failure occurring in the lower three-quarters of the clay
layer and tension failure occurring in the top one-quarter of the clay layer. In the
clay-box model tests, it was difficult to observe the development of tension zones,
and the development of a zone of tension near the clay surface was not clearly
observed until the base offset was of sufficient magnitude to propagate the shear
rupture to the top of the clay.

The kaolinite-bentonite model clay's apparent unusually high tensile
strength (to scale) might also partially explain this slight discrepancy in the results
of the finite element analyses and the clay-box model tests. In the majority of
natural soils, it is assumed that tension develops in a soil mass the moment that the
minor principal stress becomes negative; whereas, the sticky model clay material
employed in this study appears to be able to sustain tensile stresses (at least in the
short-term). In simple tensile tests of the model clay material, where the model
clay was rolled into a thin, relatively uniform strand of soil (similar to the
procedure employed in the standard plasticity index test, except the water content

of the model clay is above the soil's liquid limit) and then held up to see if the
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strand of soil can sustain the tensile stresses imposed by the soil's self-weight, the
model clay was shown (at least qualitatively) to possess some amount of tensile
strength in the short-term, Accordingly, the program SSCOMP was modified in
the analyses of the clay-box model tests to allow tensilé stresses to develop in the
model clay material up to the point where the minor principal stress exceeded the
new tension cut-off stress of "-C" (where C = undrained shear strength of the
model clay). This adjustment of the program's tension cut-off criterion improved
the ability of the finite element analyses to predict the general behavior of the
saturated clay during base fault movement. It was judged reasonable to employ the
tension cut-off criterion of "-C" because this tensile failure criterion has been
shown to be appropriate in a number of more sophisticated tensile tests of
saturated clay soils (e.g. Davie, 1973), and the simple tensile tests of this study
could nof be used as a basis for clearly establishing that this model clay's tensile
capacity was greater than "-C". As previous finite element studies had suggested,
the definition of tensile failure in the soil mass appears to affect the results of the
analyses of small-scale models where the original stresses throughout the soil mass
are low and zones of possible tension are extensive.

The results of the nonlinear finite element analyses of the fault rupture
propagation clay-box experiments where either a 90° thrust fault movement or a
90° normal fault movement was imposed agree reasonably well with the results of
the vertical fault clay-box tests. The deformed meshes (Figures 8-6(a) and 8-7(a))
of both types of fault movements predict the warped shape of the ground surface
fairly well. The development of the shear rupture zone through the model clay
layer is similar in shape and in rate of growth in both the finite element analyses
and the clay-box tests (Compare the finite element results shown in Figures 8-6 (b-
d) and 8-7(b-c) with the results of the clay-box model tests shown in Figures 6-11

through 6-16). The final shear rupture zone in the finite element analyses
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propagates straight up from the vertical base fault and bends over toward the
downthrown block side near the ground surface (the "anchor pull-out” type of
failure). Hence, the final solution of the incremental nonlinear elastic finite
element analyses of fault rupture propagation through saturated clay is
kinematically admissible. In addition, the finite element prediction that the shear
rupture zone propagates to the ground surface in the vertical base fault clay-box
model tests at a normalized vertical base deformation (dp/Dg) of on the order of |
16% to 18% agrees fairly well with the resulits of the actual clay-box tests where a
normalized vertical base deformation (dp/Dg) of between 10% to 18% was
required to propagate the rupture zone to the ground surface.

Moreover, the development of tension zones predicted by the finite element
analyses agrees reasonably well with the sequence of tension failure lin the clay-box
model tests. In both, at higher magnitudes of base deformation (or offset), a small,
local zone of tension develops at the base of the clay layer adjacent to the base
fault over the downthrown block, and a larger tension zone develops near the
ground surface of the clay above the upthrown block. Similar to the results of the
clay-box tests, the finite element results indicate that regardless of whether the
vertical fault movement displays a normal fault or thrust fault movement and
regardless of whether the depth of the clay layer is close to 6 inches or 12 inches,
the characteristics of the failure patterns that develop in the saturated clay soil
overlying the displaced base fault are essentially‘the same.

The nonlinear finite element analyses provide the opportunity to investigate
how the stress distribution changes throughout the clay layer at different
magnitudes of base offset, and to note the potential ramifications of the resulting
stress states in the soil. In some of the clay-box tests, nearly horizontal shear or
tensile cracks were observed in the rupture zone region before the full

development of the nearly vertical main shear rupture. These cracks or failure
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planes appeared to be either the complementary shear planes of the nearly vertical
main shear rupture plane through the clay layer or local tensile cracks in the clay
soil. Figure 8-7(d) shows that at relatively small base offsets, the stress distribution
within the clay layer overlying a displaced vertical fault is modified so that the
minor principal stress, which was initially oriented horizontally, is oriented more in

~a nearly vertical direction in the rupture zone region. This re-orientation of the
minor and major principal stresses might help produce the nearly horizontal shear
or tension cracks that appear to develop in the rupture zone region directly
overlying the displaced base fault. For example, the formation of nearly horizontal
tension cracks would be more likely to occur in this region where the minor
principal stress tends to act on these nearly horizontal planes of failure. On the
other hand, a 45 re-orientation of the principal stresses would help explain the
development of the vertical and horizontal shear failure planes in the rupture zone.
In any case, it is important to note how the stresses within the soil mass change
during the process of base rock fault rupture propagation, and the nonlinear finite
element method appears to be capable of providing pertinent insights.

Another interesting aspect of these nonlinear finite element analyses of the
clay-box model tests was the re-emphasis of the relative importance of the soil's
failure strain. If hyperbolic soil model parameters were selected to model the
stress-strain behavior of the model clay at a water content of approximately 105%
(where the clay's undrained shear strength was roughly 50 psf or more than 1.5
times the strength of the clay at a water content of approximately 130% (32 psf),
but the clay’s axial failure strain was only around 10% instead of 11%; see Figure
6-6), the nonlinear finite element method predicted that the rate of shear rupture
growth in the stronger, lower water content model clay material (C = 50 psf) was
only slightly less than the rate of growth of the shear rupture zone in the weaker,

higher water content model clay material (C = 32 psf). The results of the finite
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element analyses were found to be much more sensitive to variations in the soil's
failure strain than in larger variations in the soil's undrained shear strength.
Hence, these analyses suggest that the failure strain of the soil, not its strength, is
- the most important parameter to model in analyses of fault rupture propagation
through soil.

In summary, the reasonable agreement between the results predicted by the
nonlinear finite element analyses and the actual results of the clay-box model tests
provide a basis for concluding that the incremental nonlinear elastic finite element
program SSCOMP, which employs a slightly modified version of the Duncan et al.
(1984) hyperbolic soil model, is capable of being ﬁsed as an engineering tool in the
study of fault rupture propagation through saturated clay. If the hyperbolic model
parameters are properly fitted to adequately represent the nonlinear stress-strain
behavior of the model clay material under the conditions imposed by the clay-box
experiment (fast or slow base displacement rate; testing immediately after
placement of the model clay or after a delay of 24 hours), in particdlar, if the
hyperbolic soil model parameters are "fitted” to adequately represent the failure
strain of the model clay, the program SSCOMP provides reasonably accurate
predictions of the observed behavior of the soil overlying the displaced base fault.
Figure 8-4 clearly suggests that these nonlinear finite element analyses can
reasonably predict the development of fault rupture propagation through soil
oBserved in the clay-box model tests.

The incremental nonlinear elastic finite element approach, however, was
also shown to possess some shortcomings. The finite element method tended to
exaggerate the width of the rupture zone, and the results of the analyses were
shown to be somewhat sensitive to the selection of the tensile failure criteria. Yet,
the nonlinear finite element method was able to model the principal characteristics

of the development of failure in the saturated clay soil overlying the displaced base
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fault so the application of this analytical method to the study of fault rupture
propagation was judged to be reasonable in terms of the expected accuracy of
engineering analyses of the complex phenomenon of fault rupture propagation.
Therefore, the use of the program SSCOMP in the study of fault rupture
propagation through saturated clay is judged to be reasonably validated based on

its agreement with the results of the clay-box model tests.

8.4  Analyses of the Davie (1973) Anchor Pull-Out Clay-Box Model Tests

In Section 4.2.2(b), a series of 1g small-scale clay-box model tests which
studied anchor pull-out behavior were discussed. In this section, the results of
these anchor pull-out model tests will be used to investigate the capability of the
incremental nonlinear elastic finite element program SSCOMP, which employs a
slightly modified version of the Duncan et al. (1984) hyperbolic soil model, to
reasonably predict the general characteristics of the failure patterns (both shear
and tension) that develop in the saturated clay overlying the displaced anchor
plate. Davie (1973) showed that the finite element method could be used to
predict the ultimate pull-out capacity of the model anchors embedded in clay
reasonably well. In this study, the emphasis, however, will be on the capability of
the finite element method to predict the nature of the failure patterns that develop
in the saturated clay soil that overlies the displaced base section. )

The results of three "typical” anchor pull-out model tests were described in
detail in Section 4.2.2(b) and shown in Figure 4-5. The soil overlying the displaced
anchor plate displayed three general forms of behavior at or near "failure" (failure
is defined as the base displacement necessary to produce the maximum anchor
pull-out capacity): shallow, intermediate, and deep anchor behavior. In the
shallow anchor case, tension failure zones within the soil mass were extensive. In

the deep anchor case, a local shear failure zone or plastic zone formed above the
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displaced anchor plate. In the intermediate anchor case, the soil exhibited both
tensile and shear failure. It is hoped that the incremental nonlinear finite element
approach will be able to predict these three distinctive forms of soil behavior at the
appropriate depth of anchor embedment and at the appropriate level of anchor
displacement.

The computer program SSCOMP was utilized to analyze a two-dimensional
(2-D) plane strain vertical cross section through the center of the anchor plate.
The depth of the clay overlying the base anchor plate was approximately 6 inches
for the shallow anchor case (D/B = 1.5), 8 inches for the intermediate anchor case
(D/B = 3), and 12 inches for the deep anchor case (D/B = 4.5). The length to
depth ratios of the finite element meshes employed in these analyses ranged from
2.5:1 for the deep anchor case to 6:1 for the shallow anchor case. Nearly 300
4-node isoparametric elements were used to model the soil overlying the anchor in
the shallow anchor case and nearly 470 4-node isoparametric elements were
employed in the analyses of the intermediate and deep anchors. Approximately 50
gradually increasing displacement increments were imposed to produce the
ultimate failure condition for the uplifted anchor.

Davie (1973) provided unconfined triaxial compression test data for the
saturated clay soil employed in the clay-box model tests described in Section
4.2.2.(b). For the three tests shown in Figure 4-5, the undrained shear strength was
roughly 175 psf for the shallow and deep anchor cases and 205 psf for the.
intermediate anchor case. In all three tests, the axial failure strain of the glyben (a
mixture of bentonite and glycerine) was on the order of 20%. Appropriate
hyperbolic soil model parameters were selected to reasonably represent the
nonlinear stress-strain behavior and the constant volume behavior of the glyben.
In the finite element analyses of the shallow and deep anchor cases, these

hyperbolic soil model parameters were assigned:
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C = 175 pst

K =145 L
Kyr= 15K = 21.8

Rf = 0.995

(ef = 20%)

In the intermediate anchor case, these hyperbolic soil model parameters were

assigned:
C = 205psf
K =145
K =15K=218
Rf = 0.985
(ef = 20%)

In all three analyses, the unit weight of the clay (y) was 106 pef and the coefficient
of lateral earth pressure at rest (K,) was assumed to be 0.9 (in total stress, 03/0 1
= 0.96). In this total stress analysis of a saturated clay under undrained loading
conditions, the remaining hyperbolic soil model parameters were assigned as
follows: @ =A¢ =0,m=n=0,and K, =833 K (i.e.r = 0.48).

The results of the nonlinear finite element analyses are presented in Figures
8-8, 8-9, and 8-10. In part (a) of each of these figures, the deformed meshes of the
finite element models of the shallow, intermediate, and deep anchor cases at the
magnitude of anchor displacement shown in Figure 4-5 are presented. There
appears to be fairly good agreement between the observed patterns of
displacement in the clay-box model tests and the patterns of displacement
predicted in the finite element analyses. In the shallow anchor case, the clay
directly above the anchor plate is fairly undeformed, whereas the top surface of the

clay layer is greatly deformed. On the other hand, in the deep anchor case, the clay
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directly above the anchor plate shows much deformation, whereas the deformation
of the top surface of the clay layer is barely noticeable.

Likewise, each of the respective finite element results shows the correct
development of failure in the soil mass overlying the uplifted anchor plate for the
shallow, intermediate, and deep anchor cases. The shallow anchor finite element
results indicate that tensile failure in the soil mass is pervasive. As shown in Figure
8-8(b), tension zones form at the base of the clay-box in the regions adjacent to the
edge of the anchor plate and at the top surface of the clay layer directly above the
anchor plate. At larger anchor plate displacements (Figure 8-8(c)), these tension
zones grow and additional tension zones develop in the clay layer near the ground
surface. In addition, nearly vertical shear failure zones form above the edge of the
uplifted anchor plate. These results of the nonlinear finite element analyses shown
in Figure 8-8 agree reasonably well with the pattern of failure that developed in the
actual clay-box model test shown in Figure 4-5(a). Finally, the magnitude of
anchor plate displacement required to produce failure in the soil in the clay-box
model tests (i.e. the amount of anchor plate uplift at or near ultimate pull-out
capacity) was on the order of 0.5 to 1.0 inch, which agrees fairly well with the
magnitude of anchor plate displacement that produces failure in the finite element
analyses {which was 0.6 to 1.1 inches). The magnitude of the anchor plate
displacement required to produce "failure” in the soil overlying the anchor could
only be roughly estimated because of the highly nonlinear load-deformation
behavior of the anchor at or near failure (i.e. maximum pull-out load). Hence, the
point of failure is not élearly defined, rather it is estimated as the magnitude of
anchor plate displacement when the anchor pull-out load is within 10% of the
maximum anchor pull-out load during the test.

Comparing the results of the finite element analyses of the intermediate and

deep anchor cases shown in Figures 8-9(b-c) and 8-10(bh-c) with the results of the
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anchor pull-out model tests shown in Figure 4-5(b-c), it appears that the nonlinear
finite element analyses reasonably predict the development of failure in the
saturated clay soil overlying the uplifted anchor plate. In the intermediate anchor
case, the analyses properly show the development of tension zones to the outside of
the edge of the anchor plate and at the ground surface above the anchor plate.
The plastic zone directly above the anchor plate looks similar in both the results of
the analyses and the model tests. In the deep anchor case, tensile failure develops
only after larger magnitudes of anchor plate displacement, and the tension zones
remain smaller. Failure in the soil overlying the uplifted anchor occurs principally
in the form of a small, local plastic shear failure zone directly above the displaced
anchor plate. The magnitude of anchor plate displacement necessary to produce
the shear and failure zones in the finite element analyses agrees reasonably well
with that required to produce a similar state of failure in the model tests. In the
intermediate anchor case, 0.5 to 1.3 inches of anchor uplift produces the ultimate
pull-out load in the model test, whereas 0.5 to 1.0 inch of anchor uplift was
required to produce failure in the soil in the finite element analyses. In the deep
anchor case, 0.8 to 2.0 inches of anchor uplift produced the uitimate pull-out load
in the model test, whereas 1.0 to 1.5 inches of anchor uplift was required to
produce failure in the soil in the finite element analyses.

In summary, it appears that the incremental nonlinear elastic finite element
approach employed in the program SSCOMP adequately predicts the general form
of the failure patterns that developed in the Davie (1973) anchor pull-out model
tests. The location and extent of tensile failure zones within the saturated clay
overlying the displaced anchor plate predicted by the nonlinear finite element
analyses compare favorably with those observed in the model tests. In addition,
the analyses reasonably predict the correct development of shear failure zones or

plastic zones in the soil overlying the displaced anchor. In the deep anchor case,
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the soil primarily fails in shear. In the shallow anchor case, the soil primarily fails
in tension. The finite element method was able to roughly predict the level of
anchor plate displacement necessary to produce the failure condition in thé soil
(i.e. maximum pull-out capacity). In fact, a number of finite element analyses were
performed where the saturated clay's failure strain was roughly 50% higher {ef=
29% in lieu of 209%), and as occurred in the model tests (see Section 4.2.2(b)),
roughly 50% more anchor plate displacement was required to produce "failure” in
the soil overlying the uplifted anchor plate. Hence, the nonlinear finite element
analyses properly show the importance of the overlying soil's failure strain.

Because of the overall agreement between the results of these analyses and
the clay-box anchor pull-out model tests, the incremental nonlinear elastic finite
element program SSCOMP, which employs a slightly modified version of the
Duncan et al. (1984) hyperbolic soil model, is judged to be of sufficient accuracy so
as to represent a useful engineering tool in the study of the rupturing of soil

overlying a displaced base section.

85 Analyses of Fault Rupture Propagation through Saturated Clay
8.5.1 General:

In this section, the validated incremental nonlinear elastic finite element
program SSCOMP will be used to provide additional insights into the process of
fault rupture propagation through saturated clay. The results of two-dimensional
(2-D), plane strain finite element analyses of two profiles of saturated clay soil (an
80 foot and 300 foot depth of normally consolidated to slightly over-consolidated
saturated clay) will be presented. The focus of the investigation is to study the
development of shear rupture zones and tension zones (or zones where the minor
principal stress is reduced to a low enough value to permit the initiation of

hydraulic fracturing) in the saturated clay overlying a base rock fault which
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undergoes increasing magnitudes of displacement (or offset). In addition, a soil
parameter sensitivity study will be performed to note the sensitivity of the results of
the analyses to variations in the soil parameters which describe the stress-strain
and volumetric strain behavior and the initial stress state of the saturated clay. The
purpose of the parameter sensitivity study is to understand which of the
characteristics of the saturated clay material which can best mitigate the potential
hazards associated with fault rupture propagation through saturated clay. An
improved understanding of this phenomenon would assist engineers in the design
and construction of earth dams with saturated clay cores built across potentially

active faults.

8.5.2 Analyses of an 80 Foot Deep Deposit of Saturated Clay:

The 2-D plane strain finite element model represents a vertical section
through a typical saturated clay soil deposit which is oriented perpendicular to the
strike of the dip-slip base rock fault. Additionally, the finite element model might
represent a vertical section through a saturated clay core which is either oriented
parallel to the longitudinal axis of an earth dam traversed by a dip-slip bedrock
fault whose strike is perpendicular to the dam's longitudinal axis, or oriented
perpendicular to the longitudinal axis of an earth dam overlying a dip-slip bedrock
fault whose strike is parallel to the dam's longitudinal axis. As previously
mentioned, a relatively "typical" profile of clay soil is to be studied. The
characteristics of the normally consolidated to slightly overconsolidated 80 foot
deep deposit of saturated clay can be described by the Duncan et al. (1984)
hyperbolic soil model parameters which "best” represent the stress-strain and
volumetric strain behavior and the initial stress state of the saturated clay soil.

They are:
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C =22z exceptC =440 whenz < 20

K =42: 2z exceptK = 84 whenz < 20
Kyr= 1.5K = 6.3 z, except Ky = 126 whenz < 20
Rf = 0.953
Ky = 0.7 (in total stress, 63/01 = 0.86), except K5 = 0.9 (in total stress,
03/01 = 0.95) in selected analyses
v = 120 pef
lef = 5%]

(@ =Aa¢ =0bm=n=0;K =17 - K(ie.r = 0.49))

where z = depth in feet

It is assumed reasonable that the strength and stiffness of the clay increased
roughly linearly with depth except for an overconsolidated region of clay of nearly
constant strength and stiffness near the top of the soil profile. Hence, the clay's
undrained shear strength increases from approximately 400 psf near the ground
surface to roughly 1800 psf at a depth of 80 feet, and the clay's initial Young's
Modulus ranges from 180,000 psf to 710,000 psf. The failure strain of the clay is on
the order of 5%. The development of these soil model parameters will be
discussed in greater detail in the next section. Up to 10 feet of vertical base fault
offset is imposed through approximately 40 gradually decreasing increments of
displacement.

Results of a number of finite element analyses of the 80 foot deep deposit
of saturated clay overlying either a 45° thrust fault, 2 60° normal fault, or a
vertical thrust/normal fault in the base rock are presented in Figures 8-11 and 8-
12. The deformed mesh resulting from the 45° thrust bedrack fault offset (Figure
8-11(a)) indicates that the majority of shear distortion is concentrated in a

relatively narrow zone along the projection of the base rock fault plane. The stress
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level plots at increasing magnitudes of base offset (Figure 8-11(b-c)) show the
progressive development of the shear rupture zone in the overlying clay soil.
Initially (Figure 8-11(b)), the "inverted footing" type of failure pattern develops
with the shear zone propagating over the uplifted base rock section. At larger base
offsets (Figure 8-11(c)), however, kinematic constraints force the shear rupture
zone to propagate roughly along the projection of the base rock fault plane (the
"anchor pull-out" type of failure pattern). In this case, the transition from a stress
controlled shear failure pattern (the "inverted footing" type of failure) to a
kinematics controlled rupture pattern (the "anchor pull-out” type of failure) occurs
between 1.0 and 2.0 feet of vertical base fault displacement (or at a vertical base
offset of roughly 1.2-2.5% of the depth of the overlying saturated clay layer). The
plot of maximum shear strain contours (Figure 8-11(d)) is also useful in identifying
the most likely location of the primary rupture zone in the clay. Roughly 3.0 feet of
vertical base rock fault offset is necessary to propagate the fault rupture zone
through the entire aepth of the soil. In fact, throughout the analysis it appears that
the height of the shear rupture zone during base deformation is on the order of 18
to 26 times the magnitude of the vertical base rock fault displacement.

The development of tensile failure in these analyses is found to be
somewhat sensitive to the configuration of the finite element mesh employed. In
particular, it appears that the size of the soil elements adjacent to the base rock
fault can significantly affect whether the soil element directly adjacent to the base |
rock fault over the downthrown base section fails first in shear or in tension.
Hence, it is difficult in these analyses to note any consistent relationship between
the initiation of tensile failure at the soil-bedrock contact, and the characteristics of
the overlying soil deposit and the direction of the base rock fault movement. The
development of a larger zone of minor principal stress reduction in this region is

found, however, to be relatively insensitive to normal variations in the finite
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element model and analyses. Only the behavior of the soil element directly

_adjacent to the base rock fault over the downthrown block appears sensitive to the
analytical procedures. Thus, it is more useful to investigate the development of a
zone where the minor principal stress is reduced to a low enough value to permit
the initiation of hydraulic fracturing (i.e. if the 80 foot deep saturated clay soil
represents the core section of an earth dam with wate-r impounded behind it,
‘hydraulic fracturing of the core might be possible if the minor principal stress (0 3)
is less than the reservoir porewater pressure at a depth of around 80 feet or u =
62.4 pcf - 80 ft= 5000 psf). At a vertical base rock fault offset of 3 feet, the size of
the zone near the soil-bedrock interface where o3 is less than roughly 5000 psf is
on the order of 6 to 8 ft2.

The development of failure in the saturated clay overlying the bedrock fault
planes at various orientations appears to agree reasonably well with that observed
in the physical model tests and in the field studies of surface fault rupture. Figure
8-12 shows typical results from some of the finite element analyses. The deformed
mesh and a stress level contour plot are shown for a 60° normal fault movement
(Figure 8-12(a-b)) and for a vertical dip-slip fault movement (Figure 8-12(c-d)).
Again, the stress level contour plots appear reasonable indicating the development
of relatively narrow shear rupture zones that propagate principally along the
projection of the base rock fault plane. As in the previous case of a 45° thrust fault
movement, in these cases, the fault rupture propagates to the ground surface at a
vertical base rock fault offset of roughly 3 feet (or 4% of the depth of the overlying
clay layer). During increasing magnitudes of base deformation (or offset), the
height of the shear rupture zone appears to be on the order of 18 to 26 times the
magnitude of the base rock fault offset.

On the other hand, the developmeﬁt of zones of potential hydraulic

fracturing (03 < 5000 psf) near the soil-bedrock contact differs significantly, and it
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appears that the extent of these zones depends largely upon the type of fault
movement. Normal dip-slip fault movements appear to produce larger zones of
potential hydraulic fracturing than do thrust fault movements. In fact, the
magnitude of the FEM predicted zone of potential hydraulic fracturing appears to
increase as the bedrock fault movement changes from a low angle thrust fault
movement 1o a steep angle thrust fault movement, and from a steep angle normal
fault movement to a shailow angle normal fault movement. For example, at a
vertical base offset of 3 feet, the 45° thrust fault movement produces a 6 to 8 ft2
zone of potential hydraulic fracturing; the vertical thrust/normal fault movement
produces a 18 to 24 ft2 zone; and the 60° normal fault movement produces a 42 to
56 12 zone of potential hydraulic fracturing.

The 80 faot deep depaosit of saturated clay analyzed in these finite element
studies is on the order of magnitude modeled by the 1 g small-scale model tests
performed as a part of this research program and described previously in Chapter
Six. It is noteworthy that both the numerical model and the physical moﬂel of the
saturated clay deposit, which is on the order of a hundred feet deep, provided fairly
similar results. Each approach has its particular limitations. The physical model
tests porirays the clay as being relatively homogenous; while the numerical
approach portrays the actual distinci rupture planes that develop in the soil
overlying a base rock fault offset as a wider zone of shear distortion and failure.
Yet, both the physical and numerical models provide useful insights which are
fairly consistent with one another. These model predictions, which are similar to
the géneral trends observed in field studies of surface fault rupture, should provide
a higher level of confidence that both approaches (the 1 g small-scale model tests
and the incremental nonlinear elastic finite element analyses) can be used as

engineering tools in the study of fault rupture propagation through saturated clay.
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8.5.3 Sensitivity Study and Analyses of a 300 Foot Deep Deposit of Saturated Clay:

To extend the findings of these model tests and numerical analyses, a
relatively comprehensive investigation of the phenomenon of fault rupture
propagation through a 300 foot depth of saturated clay soil will now be performed.
The capability of performing an in-depth study of the process of fault rupture
‘propagation through a soil deposit of such depth is one of the real advantages of
the numerical approach. For example, the 1 g small-scale model tests of this study
were not able to adequately represent a deposit of such a lafge depth, because to
satisfy the necessary scaling requirements, a model clay with an extremely low
undrained shear strength would be required, and the model clay at these low
strengths was shown to exhibit a viscous type of failure behavior not representative
of typical field conditions. In addition, it will be relatively easy to modify critical
soil parameters to note their effect on the behavior of the overall soil mass and to
approximately model the distribution of soil strength and load-deformation
behavior throughout the soil mass.

The nonlinear stress-strain behavior of the normally consolidated to slightly
overconsolidated saturated clay soil was varied as shown in Table 8-1 to determine
the sensitivity of the finite element analyses to variations in critical soil parameters.
These values of soil strength, stiffness, and failure strain are reasonable for typical
deposits of soft to medium saturated natural clay soils. The baseline case
undrained shear strength variation of C = 22 - z (where z = depth in feet and C is
expressed in the units of psf) is felt to be reasonable as it suggests that C/p'= 0.35
and that the initial stress level (SL)} of the clay is on the order of 60%. The initial
stiffness hyperbolic soil model parameter (K} is more difficult to estimate as the
variation of Young's Modulus (E) with depth in a saturated clay soil is known with
much less certainty. A number of widely accepted works in the field of soil

mechanics suggest that Young's Modulus increases either linearly with depth or as
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Table 8-1: HYPERBOLIC SOIL MODEL PARAMETERS EMPLOYED TO DESCRIBE

THE STRESS-STRAIN BEHAVIOR OF THE SATURATED CLAY

Case Description C K R¢ Ko Ef
{psf) (%)
1 Baseline 22 -z 832 - z 0.95 0.5 2.4
2 2 €c&05 - E; 22 - 2 4,16 - 2 0.95 0.5 49
3 09 - € & 08 - C 176 - z 8.32 - 2 0.96 0.5 2.2
4 1.4 - K, 22 -2 832 - 2 0.95 0.7 24
5 1.35 - e & 0.5 E; 22 -z 4,16 - z 0.90 0.5 3.3
6 1.2 er & 15 - C 33 -z 832 - z 0.925 0.5 2.9
7 2 - €& 025 E 22 - 2 2.08 - z 0.847 0.5 4.9
Note I: ¢p=A489=0,m=n=0,Kp =17 - K(ie.v=049), & K;; =15 - K
. Note 2: z = depth in feet
Note 3: The undrained shear strength (C) and the initial stiffness hyperbolic soil
model parameter {K) are actually constant within the top 30 feet of the clay
deposit with C = 500 psf and K = 190 in the baseline case 1. In the other
cases, these values are constants but adjusted according to the description
provided.
Note 4: ~ = 120 pef
Note 5. K, is provided in terms of effective stress since by definition Ky = 0"3/0° ;.
If Ko = 0.5, 03/0] = 0.76 (total stress). If K, = 0.7, 030 ;= 0.86 (total
stress).
Note 6: €f = 2C/[K - P, (1.05 - R¢)]

where P, = 2116.2 psf
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the square root of the depth. In the range of depths from 100 feet to 300 feet, the
variation of the model stiffness parameter is of the same order of magnitude
whether it is made to vary linearly with depth or as the square root of the depth.

Since it is important in these studies to maintain control of the critical soil
failure strain parameter, it was decided that the initial Young's Modulus of the soil
would vary linearly with depth. This, in conjunction with varying the clay's

.undrained shear strength linearly with depth, maintains the failure strain as a
constant over the depth of the clay (See Note 6 of Table 8-1). The failure strain of
the soil in the cases analyzed ranges from approximately 2% to 5%. Finally, the
initial coefficient of lateral earth pressure at rest (Kg) varies within the range of 0.5
and 0.7 (in total stress,03/01 = 0.76 and 0.86, respectively) to note the effect of
variations in this soil parameter.

In summary, in the baseline case 1, the normally consolidated to slightly
overconsolidated ‘saturated clay's undrained strength (C) increases from around
500 psf near the ground surface to 6500 psf at a depth of 300 feet. The clay's initial
tangent modulus (E;) ranges from 7 x 104 psf to 9 x 10° psf. The clay's fai]uré
strain is approximately 2.5%. These values are increased or decreased by as much
as a factor of 4 in the other cases to note the sensitivity of the results to variations
in the critical soil parameters.

The 2-D plane strain finite element model incorporated nearly 500 4-node
isoparametric finite elements to represent the 300 foot deep clay deposit. Nearly
400 of the model's finite elements were located between the depths of 150 feet and
300 feet with over 200 of the soil elements concentrated in the region directly
overlying the base rock fault. The finite element mesh used in these studies is
shown in Figure 8-13(a). Preliminary analyses found that around 20 to 40
displacement increments were required to allow the incremental nonlinear finite

element model to adequately represent the highly nonlinear stress-strain behavior
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of the saturated clay soil at or near failure. If only S to 15 displacement increments
were employed to propagate the shear rupture zone from the base rock fault to the
ground surface, inconsistent soil behavior occurred with shear failure, and
especially tensile failure, initiating and developing erratically. In the region of
interest (between 150 and 300 feet deep), the length to height ratio of the finite
element mesh was approximately 3:1. The stress level contour .p]ot shown in
| Figure 8-13(b) illustrates the development of shear failure and tensile failure in the
clay overlying a vertical base rock dip-slip fault offset of 5 feet. The shear failure
zone is confined to a relatively narrow region. A number of analyses were
performed with the finite element mesh's length to height ratio increased to 6:1 in
the region of interest. Comparing Figure 8-13(¢) with Figure 8-13(b), it is evident
that increasing the length to height ratio of the mesh beyond 3:1 is not necessary in
the analysis of this problem.

In Section 7.2, the merits of incrementally remeshing to calculate the
natural strain (or logarithmic strain which is the summation of strain increments
each of which is calculated on the deformed mesh geometry) was discussed. To
ascertain the effect of employing this modification to the infinitesimal strain
approach (which in many problems approximates the large strain formulation) the
computer program SSCOMP was modified to automatically remesh after each
solution increment. The results of these analyses utilizing the natural strain
approach, however, were not significantly different than the analyses performed
based on the usual infinitesimal strain assumption (Compare Figure 8-13(d) with
Figure 8-13(b)). As suggested in Section 7.2, the small strain approach is suitable
for this class of problem because base deformations of on the order of only 1% to
15% of the depth of the soil overlying the base rock fault are required to propagate
the shear rupture zone upwards to the ground surface. The difference between

calculating strains relative to the undeformed mesh geometry or the deformed
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mesh geometry does not appear significant, especially up to the point of failure
within each soil element which actually fails in shear. After an element fails, the
tip of the shear rupture zone propagates upward away from this element so its
effect on the future development of the shear rupture zone is limited.
Furthermore, after an element fails, its stiffness is reduced to an extremely low
value so its effect on the distribution of stress near the tip of the shear rupture zone
is also limited. It appears that these analyses suggest that adequately modeling the
behavior of soil up to the point of failure in this class of problem might be as
important, if not more important, than properly modeling the behavior of the soil
* past "failure” (that is, if the soil does not exhibit a significant reduction in its post-
peak strength; which is hopefully the case for a compacted clay soil comprising the
core of an earth dam).

In an attempt to achieve better localization of the shear rupture zone to
properly mode! the development of distinct shear rupture planes, interface soil
elements of negligible thickness were employed to represent shear planes in the
deforming soil mass. The use of an interface soil element which utilizes a
hyperbolic soil model similar to that already discussed to represent the nonlinear
shear deformation behavior of the soil parallel to the orientation of the interface,
and a linear elastic soil model to represent the load-deformation behavior of the
soil normal to the orientation of the interface element is discussed thoroughly in
the SSCOMP user manual (Seed and Duncan, 1984). Initially, as shown in Figure
8-14(a), the interface element properly localized the differential movement across
the base rock fault offset to a distinct shear plane. At larger base rock fault
movements, when the exact location of the continuation of the shear rupture plane
cannot be determined apriori (i.e. the shear rupture zone deviates from its initial

vertical orientation and exhibits the "inverted footing" type of failure pattern), the
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use of the interface element does not alter the development of the primary shear
rupture zone.

The results of the analyses, which incorporated a series of vertical soil
interface e¢lements aligned end to end along the projection of the vertical
thrust/normal base rock fault (See Figure 8-14(b)), can be compared to the results
of the analyses where no interface elements are employed (Figure 8-14(c)). At the
2.5 foot base offset, both analyses indicate that the shear rupture zone was roughly
50 feet high and slightly inclined toward the upthrown block side. In addition, the
distributions of maximum shear strain, maximum shear stress, and minor principal
stress were essentially the same in both of these analyses. Attempts were made to
adjust the location and the orientation of the soil interface elements to align them
with the predicted shear rupture zone at each stage of incremental displacement,
but this scheme was very complex and cumbersome, and was judged to not
significantly affect the rate at which the shear rupture zone propagated or the
distribution of the minor principal stress which indicated zones of potential
hydraulic fracturing. The characterization of the distinct shear rupture planes
observed in the model tests and field studies as a relatively narrow shear rupture
zone which was likely to envelop these distinct shear planes did not appear to
significantly affect the development of shear and tension zones in the saturated
clay overlying a displaced base rock fault. Hence, for the purpose of this research
the use of interface elements to represent distinct shear rupture planes was not
considered necessary in maintaining the suitability of the nonlinear finite element
method for use as an engineering tool in the study of the process of fault rupture
propagation through saturated clay.

The displacement vectors shown in Figure 8-15(a) further indicate that the
zone of shear distortion was relatively narrow even if the soil mass was modeled

with 4-node isoparametric elements. The majority of the soil does not participate
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in the development of the shear rupture zone through the overlying soil mass.
Instead, the large majority of the differential movement across the vertical thrust
fault plane is accommodated in a relatively narrow zone directly above the base
rock fault between two extensive zones of soil overlying the upthrown and
downthrown blocks which effectively behave as fairly "rigid" blocks of soil that
deform uniformly.

The blow-ups (enlarged views) of the deformed meshes shown in Figure 8-
15(b-d) illustrate some of the effects of variations in some of the critical soil
parameters. Figure 8-15(b) shows a blow-up of the deformed mesh in the vicinity
of the base fault at a base offset of 3.75 feet for the baseline case 1 (See Table 8-1).
If the stiffness of the soil is reduced by half and the failure strain of the soil is
doubled producing a clay with a more ductile stress-strain behavior, the zone of
shear distortion appears wider with more distortion occurring over the upthrown
block (See Figure 8-15(c)). The more ductile material accommodates much of the
differential movement across a broader zone of shear distortion., The higher
failure strain of the soil allows the soil to accommodate more differential base
deformation before a shear rupture zone develops. Finally, Figure 8-15(d) shows
that increasing the coefficient of lateral earth pressure at rest from 0.5 to 0.7 (a
40% increase) moves the zone of shear distortion over more toward the
downthrown block. Although not nearly as dramatic as what occurred in the
studies involving dry, cohesionless materials, these results suggest that the K soil
parameter is a relatively important soil parameter in the study of fault rupture
propagation through saturated clay as it affects the location of the shear rupture
zone which develops in the clay overlying the displaced base rock fault.

As discussed previously, a series of incremental nonlinear finite element
analyses were performed employing the characterization of the saturated clay

overlying the vertical base rock fault as described in Table 8-1. Representative
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results of this series of analyses are illustrated in Figures 8-16 and 8-17. In these
figures, the region of interest of the finite element mesh from a depth of 150 feet to
300 feet is shown for several of the cases described in Table 8-1 for a vertical base
rock fault offset of 2.5 feet. Comparing the baseline case 1 (Figure 8-16(b)) with
case 2 (Figure 8-16(c)) where the soil's failure strain has been doubled and its
stiffness halved, the height of the shear rupture zone in the baseline case 1 at the
same magnitude of base offset is roughly twice the height of the shear rupture zone
in case 2. In addition, tensile failure is observed in the soil element adjacent to the
base rock fault on the downthrown side in the baseline case 1, but not in case 2.
Figure 8-17 illustrates the effect of modifying the soil parameters as described in
cases 3, 4 and 5. For example, the shear rupture zone is located closer to the
downthrown block when K, is increased from 0.5 to 0.7. These figures also
illustrate that by far the most significant soil parameter in these analyses is the
failure strain of the soil. Increasing the failure strain of the soil decreases the
height of the shear rupture zone at this magnitude of base offset.
The results of this parameter study are described in greater detail in Table
8-2. These results clearly indicate the importance of the soil’s failure strain. Again,
comparing case 1 and case 2, the soil's failure strain in case 2 is twice that in case 1,
and in case 2 the shear rupture zone in the soil produced by the base rock fault
offset is roughly half of the height of the rupture zone in case 1. On the other
hand, in cases 2 and 7, where the soil's failure strain is the same and the initial
stiffness in case 7 is half of that in case 2, the height of the shear rupture zones at
increasing magnitudes of base offset are essentially the same. Examining case 4
where Kq equals 0.7 instead of 0.5, the initiation of the shear rupture zone is
delayed until the base deformation is at least 2.5 feet. Once the shear rupture zone
forms, however, its height at equal vertical base offsets appears to be essentially

the same as that for the baseline case.
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" Table 8-2: Results of the Soil Parameter Sensitivity Study of the Vertical Dip-Slip Fault Movement

CASE 1 2 3 L] s 6 7 B
{Baseline)
Description C=22" 3, Gi=17500"z| 2-€f & 05 09°¢r&08°'C| 14 - Ko 135 € &O0SE| 1.2 ¢ &15-C| 2-€1& 025" F casc 2 excepl ¥ =045
Ko=05; €(=24% instead of ¥ 0.49
Failure Strain (%) 24 49 22 24 33 29 49 49
Height of Shear Rupture Zone (hf)
vs. Vertical Base Offset (dp) in
feet & (hf/dp):
Vertical Base Offset (dp) = 0.312° 0 o 10° 0 0 Iy 0 0
(32 x dp)
dp = 0625 5 o 15 0 o o o 0
(8 x dp) (24x) '
dp =125 40 10 50 '} 25 30 5 10
(32x) (8 x dp) (40x) (20 x dp) (24 x dp) (4 xdp) (8 xdp)
dnp =250 100 45’ 12r 1200 BO’ 80 45 35
(40x) (18x) (48x) (48 x dp) (32x) (32x) {18x) (14x)
dp =375 160 80 160° 160" 120" 120° 70 60
(43x) (210 (43x) {3x) (320) (3) (19%) (16x)
dp =500 - 120° - - 12’ 160* 1200 100°
(24x) (24x) (32x) (24x) (20x)
Vertical Base Olfset (dp) when PAY 375 25 > 50 7 1.25° 378 > 50
Tensile Failure Occurs in feet
Exient of Zone of Potential ~32Ssl =~ 300 sf =125 = 5sf = 325 sf = 1000 s =275 sl 400 sf

Hydraulic Fracturing
(03 < 20,000 psf) in square feet

L9t
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Increasing the value of K, appears to delay the initiation of tensile failure
in the soil adjacent to the base rock fault. Tensile failure appeared to develop
earliest in case 6 where the clay's undrained shear strength was approximately 50%
greater than that in the baseline case 1. The more brittle stress-strain behavior of
the stronger clay material might be partially responsible for this effect. Conversely,
tensile failure appeared to develop later in cases where the initial tangent modulus

| of the soil was reduced helping to produce a clay which exhibits a more ductile
stress-strain behavior (e.g. cases 2, 5, 7).

A relatively comprehensive study of the sensitivity of the results to
variations in the volume change behavior of the clay as characterized by Poisson’s
ratio was performed. In the finite element program SSCOMP, constant volume
behavior was approximated by assuming Poisson's ratio was a value close to 0.5,
but not actually 0.5, because in the displacement finite element formulation
employed in SSCOMP, » = 0.5 created numerical instabilities. In the program
SSCOMP, Poisson's ratio was assumed to be 0.49 when the soil deformed at
constant volume. To note the effects of slight variations in the actual value of
Poisson's ratio employed in the finite element calculations, the program was
modified to enforce Poisson's ratio to remain constant and be either 0.49, 0.48,
0.47, or 0.45. Tt was also judged important to check the sensitivity of the results to
variations in Poisson's ratio because initially the clayey material comprising the
core of an earth dam might not be fully saturated and the nearly saturated clay
might be, for example, better characterized as a v = 0.45 material.

The in-depth sensitivity study of the effect of variations in Poisson's ratio
found that, in general, within the range of v = 045 - 0.49, the results are not
significantly affected by slight variations in the value of Poisson's ratio. For
example, examining the results from the analyses of case 8 where the soil model

parameters are defined identical to those employed in case 2, except Poisson's ratio
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now equals 0.45 instead of approximately 0.49, the development of the shear
rupture zone is fairly similar to that observed during the analyses of case 2. The
analyses do, however, clearly identify a trend that suggests that slightly decreasing
the value of Poisson's ratio from 0.49 to 0.45 produces a slight decrease in the
height of the shear rupture zone at each magnitude of base offset. In addition, the
development of tension in the soil appears to be delayed as the value of Poisson's
ratio decreases. In actuality, the soil element directly adjacent to the base rock
fault on the downthrown side of the fault is the only element that is highly sensitive
to the value of Poisson's ratio employed regarding the initiation of tensile failure.
Overall, the zone of potential hydraulic fracturing (the zone where the minor
principal stress is reduced to a value low enough to permit the initiation of
hydraulic fracturing; in this case, 63 < 20,000 psf) is not highly sensitive to slight
variations in the Poisson's ratio parameter within the range of 0.45 to 0.49. If the
clay in question is very fully saturated or nearly saturated, it appears reasonable to
use a value of Poisson's ratio of on the order of 0.47 - 0.49. |

In addition to these analyses of the response of a saturated clay soil mass
overlying a vertical dip-slip fault movement, a number of nonlinear finite element
analyses were performed with various orientations of the base rock fault plane and
different types of fault movements (either thrust or normal). The development of
shear and tension zones in the 300 foot deep saturated clay deposit overlying these
base rock fault movements was, in general, similar to those patterns observed in
the finite element analyses of the 80 foot deep clay deposit described previously in
Section 8.5.2. The height of the shear rupture zone in the soil above the base rock
fault rupture was primarily related to the amount of vertical base offset and the
stress-strain behavior of the clay (particularly, the failure strain of the clay). For
example, within the limits of accuracy of these analyses of fault rupture

propagation through soil, the vertical height of the shear zone in the clay produced
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by a 45° thrust fault movement, a 60° normal fault movement, or a vertical
thrust/normal fault movement was roughly the same at identical magnitudes of
vertical base fault displacement (or offset). Of course, the orientation of the shear
rupture zone through the overlying soil depended largely on the orientation of the
underlying base rock fault plane. The final shear rupture zone through the
overlying saturated clay tended to follow the projection of the base rock fault

| plane, although there was a tendency for the shear rupture zones produced in the
clay by normal fault movements to slightly increase in dip as the rupture zone
approached the ground surface and to be slightly wider. The development of
tensile failure in the saturated clay appeared to be somewhat sensitive to the type
of base rock fault movement as well as to the finite element model (or mesh).
Tensile failure developed earlier in the analyses of the nonvertical dip-slip fault
movements.

Th.e development of zones of potential hydraulic fracturing in the saturated
clayey material comprising the core section of an earth dam, however, was of
greater interest in this study. As discussed previously, the development of tensile
failure in these analyses was often inconsistent, and, as well as other factors,
depended on the characteristics of the finite element mesh and the incremental
solution technique employed. The development of zones where the minor
principal stress was reduced to a value low enough to permit the initiation of
hydraulic fracturing was, however, fairly insensitive to these numerical approach-
related factors. In the analyses of the saturated clay core of an earth dam
constructed over a potentially active fault, the development of zones of potential
hydraulic fracturing would be of great concern to the design engineer as such zones
could initiate instability in the core through uncontrolled leakage and internal

erosion.
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A few representative results of the nonlinear finite element analyses of the
cases previously described (where the vertical base movement was 5 feet) which
show the characteristics of the zones of minor principal stress reduction where
hydraulic fracturing could possibly occur (o3 < 20,000 psf) are shown in Figure 8-
18. The 45° thrust fault movement (Figure 8-18(c)) appears to produce very
limited zones where the minor principal stress is reduced below the 20,000 psf
threshold value. On the other hand, the normal fault movement (Figure 8-18(d))
produces a larger zone of potential hydraulic fracturing at the soil-bedrock contact
near the base rock fault. In addition, it appears that the minor principal stress is
significantly reduced throughout the entire depth of the clay and at vertical base
offsets greater than 5 feet this zone could bec;ome quite extensive. The vertical
dip-slip fault movement produced the most extensive zone of potential hydraulic
fracturing at a vertical base offset equal to or less than 5 feet. Figure 8-18(a-b)
shows the results of the analyses of case 2 described previously in Table 8-2.

At the bottom of Table 8-2, estimates of the relative magnitude of the zone
of potential hydraulic fracturing are shown for each of the respective cases
employed in the soil parameter sensitivity study. It appears that the extent of the
zones of potential hydraulic fracturing principally depends on the soil model
parameters that describe the saturated clay's initial stress state (Kg) and its
undrained shear strength (C). To a lesser degree, the soil model parameters e
(the failure strain), v (Poisson’s ratio) and E; (the initial stiffness parameter that
helps describe the general shape of the hyperbolic stress-strain relationship) |
appear to affect the development of tension zones and zones of potential hydraulic
fracturing in the saturated clay overlying a displaced base rock fault. Reduction in
the clay's minor principal stress in the region near the base rock fault appears to be
more pervasive in the results of the analyses of case 6 where the clay possesses the

highest undrained shear strength. Conversely, the results of the analyses of case 5
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where the value of K, was highest suggest that higher initial lateral earth pressures
in the saturated clay minimize the extent of the zone of potential hydraulic
fracturing. The importance of the other soil model parameters are less clear,
although there appears to be a general trend which indicates that reducing the
initial stiffness of the clay (and hence, the brittleness of the clay's stress-strain

behavior) helps reduce the extent of zones of potential hydraulic fracturing.

8.5.4 Summary:

The incremental nonlinear elastic finite element program SSCOMP, which
employs a slightly modified version of the Duncan et al. (1984) hyperbolic soil
model, provided valuable insights into the phenomenon of fault rupture
propagation through saturated clay. The nonlinear finite element analyses found
that the rate at which the shear rupture zone propagates through the saturated clay
overlying a displaced base rock fault appears to depend primarily on the failure
strain of the soil. In fact, the analyses described in this section appear to suggest
that the normalized height of the shear rupture zone (hf/dh: the height of the
shear rupture zone divided by the magnitude of the vertical base offset) is roughly
inversely proportional to the failure strain of the saturated clay. Other hyperbolic
soil model parameters which help to describe the general shape of the clay's stress-
strain relationship are of lesser importance in determining the development of the
shear rupture zone through the soil.

It appears that the parameters: K, (the coefficient of lateral earth pressure
at rest), C (the undrained shear strength), v (Poisson‘s ratio), and E; (the initial
tangent modulus of the stress-strain relationship which helps to define the stiffness
of the soil during load-deformation) also affect the development of failure (shear
and tensile) in the soil mass but not to the extent of the failure strain parameter.

Increasing K, delays the initiation of shear and tensile failure in the clay. To a
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lesser degree, it appears that decreasing the undrained shear strength (C) of the
clay delays the initiation of tension. Decreasing Poisson's ratic (+) to a value
slightly lower than 0.49 delays the initiation of tensile failure and slightly decreases
the normalized height of the shear ruture zone (all other factors remaining the
same). Decreasing E; appears to spread the differential base movement across a
wider zone of shear distortion and to slightly delay the initiation of tensile failure.
" The orientation of the shear rupture zone through the soil appears to be primarily
dependent on the orientation of the base rock fault plane and on the value of K,
used to describe the initial stress state of the saturated clay soil. The use of
interface elements to localize shear failure to distinct rupture planes and the use of
incremental remeshing in the solution technique are quite cumbersome and do not
significantly alter the results of these anaiyses regarding the development of shear

and tensile failure in the clay.

8.6 Lessons to be Learned from the Finite Element Analyses Regarding Fault

Rupture Propagation through the Saturated Clay Core of an Earth Dam

The results from these numerical analyses of fault rupture propagation
through saturated clayey materials suggest that the finite element method can be
applied to this class of problem provided that the soil's nonlinear, stress-dependent
stress-strain behavior is adequately modeled. The incremental nonlinear elastic
finite element program SSCOMP which employs a slightly modified version of the
Duncan et al. (1984) hyperbolic soil model is capable of adequately modeling the
nonlinear stress-strain behavior of the saturated clay overlying a displaced base
rock fault, and hence, these nonlinear finite element anﬁ]yses provide good
predictions of observed behavior. The results of the finite element analyses of the
clay-box model tests described previously in Chapter Six agree reasonably well with

the patterns of failure observed in the model clay overlying the deformed base
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sectio;ns. In addition, the results from the FE analyses of the Davie (1973) anchor
pull-out clay-box model tests compare favorably with the observed behavior of the
saturated clay soil overlying the uplifted anchor plate. The good agreement
between the observed behavior of the soil in these clay-box model tests and the soil
behavior predicted using the incremental nonlinear elastic finite element method
provides good support for the application of this numerical approach in the study
of the effects of tectonic movements on stresses and deformations in earth dams
constructed of core sections composed of saturated clayey materials.

These studies provide strong evidence that the most critical soil parameter
in the numerical modeling of fault rupture propagation through saturated clay is
the failure strain of the clay. Although these analyses emphasize the importance of
adequately modeling the general shape of the saturated clay's nonlinear stress-
strain relationship, which includes reasonable representations of the clay's
undrained shear strength, its ductility or brittleness (stiffness), and its initial stress
state (i.e. the value of the coefficient of lateral earth pressure at rest and the initial
vertical stress), the results of these analyses were most sensitive to variations in the
soil's failure strain. The physical model tests performed in the course of this
research, as well as a number of previous sandbox and clay-box model tests
described in the review of literature, similarly suggested that the development of
the shear rupture zone in the soil overlying a displaced base rock fault depends
primarily on the failure strain of the soil. In particular, the magnitude of the
vertical base offset required to propagate the shear rupture zone up to the ground
surface is principally a function of the clay's failure strain. Figure 8-19 which
depicts the results of the nonlinear finite element analyses of fault rupture
propagation through saturated clay which were performed as.a part of this research
program clearly shows the relative importance of the soil's failure strain parameter.

There is almost a linear relationship between the normalized base offset required
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to propagate the shear rupture zone through the clay and the axial failure strain of
the saturated clay. The soil behavior illustrated in Figure 8-19 compares favorably
with that shown previously in Figures 6-27 and 8-4.

As mentioned previously in Chapter Three, in most cases, earth dams would
be planned at sites where fault movements were at the lower end of the ranges of
possible fault displacements, as dams would not typically be sited across major
faults considered capable of producing major earthquakes. In any case, the records
of observed maximum surface fault displacements presented in Figure 3-2 suggest
that there is a reasoriable magnitude of maximum fault offsets that one would have
to consider in an analysis of base rock fault rupture propagation through overlying
soils. Depending primarily on the magnitude of the earthquake and the type of
fault movement, the maximum surface offset from known earthquake events
ranges from less than an inch to at most 35 feet. In most cases, however, the
typical expected reasonable range of differential movement across faults overlain
by man-made earth embankments would be only a few inches to at most 5 to 10
feet. Of course, the site-specific value of expected fault offset could be assessed
only after a comprehensive geologic study of the project site and the surrounding
region. In general, the usual expected base rock fault offsets encountered in the
design of typical earth structures might not be of sufficient magnitude to produce a
shear rupture that propagates all the way up to the ground surface.

It is more practical then to refer to the height of the shear rupture zone in
the soil at specified expected base rock fault offsets. A review of the intermediate
results of the incremental nonlinear finite element analyses of fault rupture
propagation through saturated clay performed in this study provides such data as
shown in Figure 8-20. In this graph, the normalized height of the shear rupture
zone (i.e. the height of the shear rupture zone in the clay overlying the base rock

fault divided by the current magnitude of vertical base offset) is plotted as a
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function of the axial failure strain of the clay. The error bars depict the variation in
the normalized height of the shear rupture zones at different levels of vertical base
rock fault offsets. Overall, the data is fairly consistent showing that the rupture
zone propagates farther in saturated clayey materials that exhibit brittle stress-
strain behavior (i.e. low values of failure strain), and that the rupture zone
propagates least in the saturated clayey materials that exhibit a more ductile stress-
strain behavior (i.e. high values of failure strain).

This data provides the engineer with an improved understanding of the
relative importance of the overlying soil's failure strain and the potential effects of
placing the soil in such a manner as to achieve brittle or ductile soil shear
deformation behavior. Moreover, this data provides the engineer with a
preliminary estimate of the anticipated magnitude of the shear rupture zone in a
particular soil overlying a base rock fault which is expected to produce a specified
fault offset, and at least, a sense of the scale of the problem. Of course, given the
complexity of the fault rupture propagation phenomenon, additional site, material
and project specific in-depth studies should be performed and a sufficient factor of
safety should be employed in the design of earth dams built across potentially
active faults. Nevertheless, the data provided in Figure 8-20, in at least a
qualitative way, provides information useful in answering the first of the critical
questions delineated in the introductory chapter (See Chapter 1: (1) What is the
extent of the likely shear rupture zone with increasing magnitudes of base
deformation?).

The results of the sensitivity study presented previously in Section 8.5
provides valuable insights into the effects of the soil's stress-strain and volumetric
strain behavior on the development of tension zones or zones of potential
hydraulic fracturing in saturated clayey materials overlying a displaced base rock

fault. Regarding the potential of the saturated clayey soil of an earth dam core
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section to develop hydraulic fracturing under the water pressure of the impounded
reservoir (i.e. 03 < u), it appears that the failure strain of the clay is a less
important factor. Instead, the soil parameters K, (the coefficient of the lateral
earth pressure at rest), C (the undrained shear strength), and E;j (the initial tangent
modulus or stiffness) are relatively more important in the development of tension
zones or zones of potential hydraulic fracturing. As the value of K increases, the
“clay's initial minor principal stress increases and the development of tensile failure
in the soil is delayed. Correspondingly, the potential for zones of hydraulic
fracturing and the extent of such zones are significantly reduced. The soil
parameter "C" appears to affect the development of potential zones of hydraulic
fracturing in the opposite sense. As the undrained shear strength of the clay
increased in these nonlinear finite element analyses, the extent of the zone of
potential hydraulic fracturing also increased. The results from these analyses
suggest that a stronger clay soil would be more likely to develop zones where the
minor principal strass was reduced to a low enough value to permit the initiation of
hydraulic fracturing. The cause of this observation is not entirely clear. Finally, to
a much lesser degree than the Ky and C soil parameters, the value of the initial
stiffness of the clay soil (E;), which helps describe the general shape of the clay's
stress-strain relationship, affects the development of zones of potential hydraulic
fracturing. As the value of E; decreased, the extent of the zones of potential
hydraulic fracturing by the finite element analyses predicted also decreased.

The incremental nonlinear finite element analyses performed as a part of
this research program, thus, help answer the second critical question delineated in
the Introduction (See Chapter One: (2) What will be the extent of tension zones
or zones of potential hydraulic fracturing with increasing magnitudes of base
deformation?) The analyses suggest that the extent of zones of potential hydraulic

fracturing depends primarily on the initial stress state of the soil as described by
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the coefficient of lateral earth pressure at rest, the undrained shear strength of the
soil, and the magnitude and the orientation of the base rock fault movement,

These nonlinear finite element studies of a 2-D, plane strain, level ground
section (where the depth of the soil equals 80 feet or 300 feet) through the
saturated clay core of an earth dam or through a generic deposit of natural
saturated clay soil also help answer the critical questions 3, 4 and S delineated in
Chapter One. Regarding question 3 (See Chapter One), the amount of reservoir
water that might leak through shear rupture zones, tension zones, or zones of
potential hydraulic fracturing appears to be related to the nonlinear stress-strain
behavior of the saturated clay, the initial stress state of the clay, and the magnitude
and the orientation of the base rock fault movement. On the other hand, regarding
question 4 (See Chapter One), these analyses confirm the observations made
dufing small-scale physical model studies of fault rupture propagation through
soils, as well as observations reported in surface fault rupture field studigs, that the
differential movement across the distinct shear rupture planes dissipates as the
base rock fault rupture propagates upward through the overlying soil. Hence, the
damage produced in the slopes and crest of the earth dam would principally
depend on the nonlinear stress-strain behavior of the saturated clay and the
magnitude and the orientation of the base rock fault movement (Question (4) of
Chapter One).

Finally, this relatively comprehensive study of the sensitivity of the results of |
the nonlinear finite element analyses to variations in the soil model parameters
employed to describe the stress-strain and volumetric strain behavior of the clay
and the initial stress state of the clay provides suggestions as to the characteristics
of the dam core material which can "best” mitigate the potential hazards associated
with fault rupture propagation through typical earth dams. Of course, specific

suggestions can only be put forth after conducting a comprehensive geotechnical
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study of the earth dam in question. This investigation should include a
comprehensive geologic study of the dam site and the surrounding region, and a
comprehensive geotechnical study of the earth embankment which includes
extensive laboratory and field testing of soils and in-depth analyses of the dam. In
general, however, these studies suggest that the "best" dam clay core material
should exhibit ductile stress-strain behavior (i.e. sufficiently large strain at failure
“in the clay, without a significant post-peak drop in the strength of the clay). It also
appears beneficial to adequately place and compact the clay in the earth dam core
section in a manner which increases the initial lateral earth pressures or minor
principal stress in the soil. All in all, this numerical study helped develop an
improved knowledge and understanding of the effect of tectonic movements on

stresses and deformations in earth embankments.
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CHAPTER NINE:
SUMMARY AND CONCLUSIONS

9.1  Summary

This study was undertaken to further develop the understanding of how an
earth dam responds to a fault offset in its foundation (See Chapter One, Questions
1-6). Since many earth dams are constructed with nearly saturated clay core
sections, one of the principal objectives of this program of research was to improve
our current level of understanding of fault rupture propagation through overlying
saturated clay soils. An improved understanding of this phenomenon would also
assist engineers in siting and designing critical buildings, facilities, and utility and
transportation systems to be constructed in regions where cohesive soils overlie
potentially active faults.

The results of this research have led to the development of analytical
techniques for modeling fault rupture propagation through overlying saturated
clays, and to the development of preliminary recommendations for design
provisions to minimize the resulting potentially adverse effects on dam stability and
integrity. In this study, a relatively comprehensive review, evaluation and synthesis
of previous works which improve the current level of understanding of fault
rupture propagation through overlying soils was performed. Previous studies of the
effects of fault rupture on the performance of earth dams and some indicative full-
scale earth dam/fault offset case studies were reviewed in Chapter Two. The
literature review was extended in Chapter Three to investigate available
earthquake surface rupture field case histories. Additionally, physical and
numerical mode! studies of the fault rupture propagation phenomenon were
reviewed and evaluated. In Chapter Four, illustrative studies of a closely related

problem, anchor pull-out behavior, were examined, and soil behavior analogous to
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that displayed during fault rupture propagation through saturated clay was
observed. Findings from this review, evaluation and synthesis of available case
histories and related previous studies were summarized in Chapter Five.

In Chapter Six, the results from 1 g small-scale model tests of fault rupture
propagation through saturated clay were presented and were found to be in fairly
close agreement with the observations made during field studies and previous
sandbox mode] tests. The model clay material exhibited well-scaled stress-
deformation behavior for small-scale model testing without the need for a
centrifuge apparatus.

A number of numerical methods and soil behavior models were evaluated
through the preliminary analyses performed in Chapter Seven. Finally, the results
of an in-depth nonlinear finite element study of fault rupture propagation through
saturated clay were discussed in Chapter Eight. The results from the numerical
analyses suggest that the finite element method can be successfully applied to this
class of problem provided that the soil's nonlinear stress-dependent stress-strain
behavior is adequately modeled (in this case, by the use of a hyperbolic nonlinear
elastic soil model). The results of these studies have led to the development of
modeling and analytical techniques for investigating the phenomenon of fault
rupture propagation through overlying clays, and an improved understanding of

some of the factors controlling this phenomenon.

92 Fault Rupture Propagation through Soil

Case histories often provide the most reliable source of information with
regard to how physical events occur, and the use of case histories as a basis for the
development of both insights and engineering judgment has long been a
cornerstone of geotechnical practice. Field studies of either surface fault ruptures

or fault planes exposed in exploratory trenches exhibit considerable variability in




fault rupture propagation behavior because of the complexities of the geologic
materials, their stratigraphy, and processes involved. Although the majority of
differential movement across a fault trace is typically confined to one or more
distinct rupture planes within a wider overall zone of shear deformation, often a
more complex, discontinuous pattern of fault ruptures develops within a zone
varying in width along the fault trace. Warping of the bedrock adjacent to the
primary fault, as well as movement on secondary breaks, can complicate the
surface expression of the bedrock fault offset. Given the complexity of the fault
rupture process, it is somewhat surprising that any reasonably consistent patterns
of behavior emerged during the review of the case histories, but such trends were
observed. Although exceptions to these general patterns of behavior may be
found, the preponderance of evidence justifies making a number of salient
observations regarding "trends” or "typical” patterns of behavior.

Recent work by Wells et al. (work in progress) provides insight into the
scale of the fault rupture problem. Their review of nearly 90 field cases of
observed surface fault ruptures shows, as illustrated in Figure 3-2, that depending
primarily on the magnitude of the earthquake and the type of fault movement, the
maximum surface offset ranges from less than an inch to at most approximately 35
feet. Moreover, researchers have found that the average surface fault offset in any
given event is usually not more than 50% of the maximum offset at one point along
the fault. Hence, in most cases, the magnitude of potential surface fault offsets
along most of the ruptured fault length would be at most 5 to 15 feet. Of course,
the site-specific value of the expected fault offset can be assessed only after a
comprehensive geologic study of the project site and the surrounding region.

A number of geologists have found that the principal factors controlling the
general characteristics of surface faulting are: (a) the type of fault movement

(thrust, normal, or strike-slip), (b) the inclination of the fault plane, (c) the amount
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of displacement on the fault, (d) the depth and geometry of the earth materials
overlying the bedrock fault, and (e) the nature of the overlying earth materials.
Examples which illustrate characteristics of fault rupture propagation through
overlying soils are shown in Figures 3-30, 3-31 and 3-32. These figures focus on
only three of the more important variables - the type of fault movement, the .
inclination of the fault plane, and the nature of the overlying soil deposit.

Typically, thrust faults tend to gradually decrease in dip near the ground
surface. Normal faults tend to refract at the soil-bedrock contact and increase in
dip as they approach the ground surface. This refraction and variation of the dip of
the normal fault plane may produce gravity grabens. Strike-slip faults tend to
follow the almost \}ertical orientation of the underlying bedrock fault, although the
rupture zone may spread or "flower” near the ground surface. Relative motion is
primarily concentrated within a relatively narrow zone above the bedrock fault.
Once failure occurs, differential movement is usually localized to thin, distinct
failure planes. Ductile materials, however, may accommodate significant fault
movement by warping without actually developing distinct shear surfaces.

Field observations of surface faulting indicate that, in general, the bedrock
behaves as shown in Figures 3-27, 3-28 and 3-29. Down-warping of the upthrown
block during thrust faulting creates tension fissures in the bedrock surface. These
tension fissures in the bedrock would probably produce tension zones in the soil
overlying the deformed bedrock. Subsidence of the normal fault's hanging wall
may produce secondary fractures. Secondary bedrock deformations are less likely
to occur in strike-slip faulting. Nevertheless, some amount of movement should be
expected to occur on existing planes of weakness in the foundation rock during all
types of fault movement.

Differential movement across the fault rupture typically diminishes as the

rupture propagates up toward the ground surface. For example, an 8 foot offset
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was locally absorbed in a 500 foot high fractured rock cliff during the 1964 Alaska
earthquake, producing no surface rupture. The 1930 Idu, Japan earthquake
created an 8 foot offset in a tunnel located at a depth of 500 feet, but less than 3
feet of this offset appeared at the ground surface. Within one region, the 1954
Dixie Valley - Fairview Peak earthquake produced a scarp 3 to 4 feet in height
which was continuous, except for a quarter mile gap where the fault "disappeared”
under an alluvial fan composed of looser granular materials.

One of the principal shortcomings in this review of earthquake fault rupture
case histories was the lack of well-documented case studies which fully described
how a deep soil deposit (i.e. greater than 50 feet) responded to a base rock fault
offset. Geologic field studies relied primarily on surface expressions of faulting,
relatively shallow exploratory trenches (i.e. less than about 20 feet in depth) and
interpretations of surficial geologic evidence. Few studies were found in which
both the surficial faulting features and the underlying bedrock displacements were
well-documented. |

For this reason, as well as to reduce the apparent variability inherent in the
field studies, previous physical and numerical model studies of the fault rupture
propagation phenomenon were also reviewed. No widespread agreement has been
reached, however, as to the "best" way to model the fault rupture propagation
process. Furthermore, the majority of these previous studies (both physical and
numerical) of the process of fault rupture propagation involved the modeling of
dry, cohesionless materials. The work by Lade and Cole (1984) (See Figure 3-
45(a)) appears to summarize the characteristics of the failure patterns observed to
develop in dry alluvinm overlying dip-slip bedrock faults. Of course, the
applicability of these results to saturated clay is limited. Few results of model tests
and numerical analyses of fault rupture propagation through saturated clay under

undrained conditions are available.
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93 Fault Rupture Propagation through Saturated Clay

These studies have led to the development of physical modeling procedures
and analytical techniques for investigating the process of fault rupture propagation
through saturated clay. The 1 g small-scale models composed of a weak, saturated
kaolinite-bentonite clay mixture proved valuable in providing insight into the study
of fault rupture propagation through saturated clay. The model clay with
undrained shear strengths on the order of 10-100 psf and well-scaled stress
deformation behavior could be employed in reasonable small-scale model testing
without the need for a centrifuge apparatus. The scale models tested
demonstrated failure behavior in ¢lose agreement to that observed in the field and
in previous physical model studies employing dry sand. It was found that the height
of the shear zone in the saturated clay above the base rock fault rupture was
related to the amount of base movement and the stress-strain behavior of the soil
(in particular, the failure strain of the soil).

The results from the numerical analyses suggest that the finite element
method can be applied to this class of problem provided that the soil's nonlinear
stress-strain behavior is adequately modeled. Linear elastic and linear elastic-
perfectly plastic constitutive laws produced inconsistent results when employed in
the finite element method, but the incremental nonlinear elastic hyperbolic soil
model provided significantly better predictions of observed behavior. The
predicted rupture zone enveloped the actual rupture planes which formed in the
clay-box model tests. In addition, the finite element method was able to
reasonably predict the magnitude of base offset required to propagate the shear
rupture up to the top of the clay surface. The ability of the hyperbolic soil model
to adequately represent the essential characteristics of the clay's stress-strain

behavior, especially the clay's failure strain, appears to be the primary reason for

.
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this numerical method's success in satisfactorily predicting the effects of fault
rupture propagation through saturated clay.

The anchor pull-out/fault rupture analogy also proved to be extremely
useful. Model testing of anchors in soft clay indicate that the amount of anchor
plate displacement necessary to produce failure in the soil above the anchor was
also primarily dependent on the soil's failure strain, These studies of anchor pull-
out behavior (both physical and numerical), as well as field observations of surface
fault ruptures and the results of the 1 g small-scale clay-box model tests and the
nonlinear finite element analyses of fault rupture propagation through overlying
cohesive soils, indicate that both stress characteristics and kinematic constraints
combine to control the behavior of the soil above the bedrock fault movement. A
highly stressed region forms above the inside edge of the upthrown block and stress
reduction occurs to the side of the edge of the upthrown block during dip-slip fault
movement. Although shear failure may occur in the zone of stress increase, the
final shear failure surface must be kinematicaliy admissible, and hence, it must
bend over the downthrown block. Figure 4-7 illustrates this two-phase
development of the shear rupture zones in the soil overlying a dip-slip bedrock
fault.

One of the principal findings of this study is the realization that the rate of
fault rupture propagation through soil depends in large part on the failure strain of
the soil. The bedrock fault does not instantaneously produce a rupture zone
through the overlying soil deposit. Instead, the rupture propagates up toward the-
ground surface with increasing base rock fault offset. The rate at which it
propagates (i.c. how far it propagates in the overlying soil at a specified base rock
fault offset), however, is determined principally by the failure strain of the
saturated clay soil. Moreover, the axial failure strain of unconfined triaxial

compression tests appears to define the saturated clay's failure strain. As shown in
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Figure 8-20 (where the normalized height of the shear mpgure zone (hg/dp) is
plotted as a function of the axial failure strain of the clay), the shear rupture zone
propagates farther in saturated clayey materials that exhibit brittle stress-strain
behavior (i.e. low values of failure strain), and the shear rupture zone propagates
least in the saturated clayey materials that exhibit a more ductile stress-strain
behavior (i.e. high values of failure strain). This data provides the eﬁgineer \Qith an
improved understanding of the relative importance of the overlying soil's failure
strain and the potential effects of brittle or ductile soil shear deformation behavior.
Moreover, this data provides the engineer with a preliminary estimate of the
anticipated magnitude of the shear rupture zone in a particular soil overlying a
base rock fault which is expected to produce a specified fault offset, and at least a
sense of the scale of the problem. Of course, given the complexity of the fault
rupture propagation phenomenon, additional in-depth studies which consider the
site characteristics, the material properties, and the details of the project in
question, should be performed and a sufficient factor of safety should be employed
in estimates of the development of the shear rupture zone in the saturated clay soil
overlying a potentially active base rock fault.

The results of the soil parameter sensitivity study provide valuable insights
into the effects of the soil's stress-strain and volumetric strain behavior on the
development of shear rupture or tension zones (or zones of potential hydraulic
fracturing) in the saturated clayey soil overlying a displaced base rock fault.
Whereas the failure strain of the clay appears to be the principal factor controlling
the height of the shear rupture zones at specified rhagnitudes of base offset, the
analyses suggest that the shape and the orientation of the shear rupture zone
depend primarily on the initial stress state of the soil as described by the coefficient
of the lateral earth pressure at rest, and on the magnitude and the orientation of

the base rock fault movement. Increasing the value of K, appears to move the
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shear rupture zone slightly more over the downthrown block. The final shear
rupture zone tends to follow the projection of the base rock fault plane, although
normal fault planes tend to sometimes increase in dip as they approach the ground
surface.

Regarding the development of tension zones (03 < Q) or zones of stress
reduction where the minor principal stress is reduced to a value low enough to
permit the initiation of hydraulic fracturing (o3 < u), it appears that the axial
failure strain of the clay is a less important factor than it is in the development of
shear rupture zones. Instead, the clay's initial stress state (as described by K and
the initial vertical stress), its undrained shear strength (C), its volume change
behavior (e.g. the value of v), and the stiffness of the clay (E;) appear to be more
important factors in the development of tension zones or zones of potential
hydraulic fracturing. In a general sense, the development of tensile failure in the
soil is delayed, and correspondingly, the potential for zones of hydraulic fracturing
and the extent of such zones are significantly reduced if the value of K, increases
and the values of C and E; decrease. The effect of variations in the value of
Poisson’s ratio (+) was inconsistent. Increasing the value of v appeared to reduce
the extent of the zone of potential hydraulic fracturing, but conversely, increasing v
appeared to produce tensile failure at lower magnitudes of base deformation.
These studies also suggest that the extent of the zone of potential hydraulic
fracturing is significantly smaller in soils overlying base rock thrust faults than in
soils overlying base rock normal faults. Overall, the analyses suggest that the
extent of zones of potential hydraulic fracturing depends primarily on the initial
stress state of the soil, the undrained shear strength and stiffness of the soil, and
the magnitude and type of the base rock fault movement,

These studies help to answer the first two critical questions delineated in

the introductory chapter (See Chapter One: (1) What is the extent of the likely

rd
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shear rupture zone with increasing magnitudes of base deformations? and (2)
What will be the extent of tension zones or zones of potential hydraulic fracturing
with increasing magnitudes of base deformation?). Furthermore, the modeling and
analytical techniques developed as a part of this research program (the 1 g small-
scale model tests and the incremental nonlinear elastic finite element analyses of
fault rupture propagation through overlying saturated clay), shown to provide good
‘agreement with previous field studies, will assist the engineer in future

Investigations of the fault rupture propagation phenomenon.

94 The Effects of Tectonic Movements on Stresses and Deformations in

Earth Embankments

Despite its potential limitations, engineering judgment based on the
observations and the study of the performance of soils during well-documented
field case histories provides one of the most reliable means of evaluating the
potential effects of tectonic movements on stresses and deformations in earth
embankments. Few case histories exist, however, which describe how earth dams
respond to base rock fault displacements, and these indicative full-scale earth
dam/fault rupture propagation case histories are not well-documented.
Nevertheless, a number of earth dams have been designed to safely accommodate
fault offsets in the foundation rock, and a review, evaluation, and synthesis of
previous studies in this area, of the indicative full-scale earth dam/fault rupture
propagation case histories, and of previous studies of closely related topics such as
surface fault rupture and anchor pull-out behavior brings forth a number of salient
observations.

Casagrande's concept of multiple lines of defense should be employed in the
design of all dams built over potentially active faults. Experts agree that particular -

attention must be devoted to controlling the hazards of concentrated leaks through
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the dam and its foundation. The stability of the foundation must be guaranteed. A
thick, ductile core protected upstream b); thick ‘crackstopper’ zones and
downstream by thick filter and transition zones were considered desirable. These
zones should be backed up by a drainage system that extends the full height and
length of the dam. All zones must be wider than the maximum anticipated
potential fault offset. The crest width and the freeboard of the dam should be
maximized, whereas the required reservoir capacity should be minimized. Of
course, if possible, a dam site traversed by potentially active faults should be
avoided. Spillways and outlet control works should not traverse potentially active
fault traces. Finally, the experts concluded that rigid dam structures such as
concrete gravity dams should not be constructed over potentially active faults.
Pure reasoning based on engineering judgment, however, was shown to have
limitations. For example, an experienced engineer had reasoned that the "best"
material to use in the core of an earth dam built over a potentially active fault was
a broadly graded gravel-sand mixture because of the material's supposed "self-
healing" tendency, only to discover later that these materials were, in fact, prone to
soil migration (internal erosion) even without base differential movement.
Considerable effort, therefore, should be devoted towards the development of
modeling and analytical techniques that help improve our understanding of this
problem until nature provides full-scale earth dam/fault rupture propagation case
histories which can be well-documented. The good agreement between the results
of the 1 g small-scale clay-box model tests and the incremental nonlinear elastic
finite element analyses performed in this study, the results of previous physical and
numerical studies of closely related topics, and field observations of surface fault
rupture documented in case histories provides good support for the application of

these clay-box model tests and nonlinear finite element analyses in the study of the
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effects of tectonic movements on stresses and deformations in earth dams
constructed of core sections composed of saturated clayey materials.

These 1 g small-scale model studies and nonlinear finite element studies of
a 2-D, plane strain, level ground section or through the saturated clay core of an
earth dam help answer the critical questions (1-5) delineated in Chapter One. As
discussed previously in Section 9.3, the extent of the likely shear rupture zone in
the saturated clay soil overlying the displaced base rock fault at Specified
magnitudes of offset (See Chapter One, Question 1) is determined principally by
the soil's axial failure strain (See Figure 8-20). On the other hand, these studies
suggest that the extent of zones of potential hydraulic fracturing (See Chapter One,
Question 2) depends primarily on the initial stress state of the soil, the undrained
shear strength and stiffness of the soil, and the magnitude and type of the base rock
fault movement.

Regarding Question 3 (See Chapter One), the amount of reservoir water
that might leak through shear rupture zones, tension zones, or zones of potential
hydraulic fracturing appears to be related to the nonlinear stress-strain behavior of
the saturated clay, the initial stress state of the clay, and the magnitude and the
orientation of the base rock fault movement. Regarding Question 4 (See Chapter
One), these studies confirm the observations reported in surface fault rupture field
studies that the differential movement across the distinct shear rupture planes
dissipates as the base rock fault rupture propagates upward through the overlying
soil. Hence, the damage produced in the slopes and crest of the earth dam would
principally depend on the nonlinear stress-strain behavior of the saturated clay and
the magnitude and the orientation of the base rock fault movement (and, of course,
the geometry of the embankment).

Finally, this study of the sensitivity of the results of the nonlinear finite

element analyses to variations in the soil model parameters employed to describe
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the stress-strain and volumetric strain behavior of the clay and the initial stress
state of the clay provides insight regarding the characteristics of the dam core
material which can "best” mitigate the potential hazards associated with fault
rupture propagation through typical earth dams (See Chapter One, Question 5).
Of course, specific suggestions can only be put forth after conducting a
comprehensive geotechnical study of the earth dam in question. This investigation
should include a comprehensive geologic study of the dam site and the surrounding
region, and a comprehensive geotechnical study of the earth embankment which
includes extensive laboratory and field testing of soils and in-depth analyses of the
dam. The investigation should address concerns with respect to overall
earthquake-resistant design, as well as other design considerations. In general,
however, these studies suggest that (with respect to mitigating the potential
hazards associated with fault rupture propagation through an earth dam) the earth
dam's clay core material should exhibit ductile stress-strain behavior (i.e.
sufficiently large strain at failure in the clay, without a significant post-peak drop in
the strength of the clay). It also appears beneficial to adequately place and
compact the clay in the earth dam core section in a manner which increases the
initial lateral earth pressures or minor principal stress in the soil. Overall, this
study helped develop an improved knowledge and understanding of the effects of

tectonic movements on stresses and deformations in earth embankments.

9.5 Suggestions for Future Research

Based on the field observations, laboratory data, and numerical results
currently available, the models and analytical procedures developed during these
studies appear to provide a suitable basis for the evaluation of a number of the
effects of tectonic movements on the stresses and deformations in earth

embankments for many situations. Given the complexity of the fault rupture
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propagation phenomenon and the lack of well-documented full-scale earth

dam/fault rupture propagation case histories, further study would be useful in a

number of areas as follows:

1.

2.

Case Histories; There is a need to take advantage of the information
provided by well-documented case histories of fault rupture
propagation through earth embankments. It is important now to
identify potential case histories and to instrument the selected dam
sites with acceleration and deformation measurement devices to
capture this critical data when it becomes available. In addition, since
few well-documented field studies exist which describe how a deep soil
deposit (i.e. depth greater than 50 feet) responds to a base rock fault
offset, the sites of potentially active faults should be instrumented and
deeper exploratory trenches should be planned at known sites of

surface fault rupture.

Modeling: Additional physical and numerical model studies of fault
rupture propagation through soils are warranted. There is a need to
perform incremental nonlinear elastic-plastic finite element studies to
note the effect of not only modeling the soil element behavior
adequately up to the point of failure, but also past failure, especially in
situations where the clay soil may exhibit a significant post-peak drop
in strength.  Analyses of the saturated, cohesionless materials
comprising the filter and transition zones of the earth dam are still
required. 3-D finite element analyses should be performed to study the
effect of an oblique-slip fault movement (e.g. strike-slip) in the
foundation of an earth dam. Likewise, additional 1 g small-scale model

testing of the performance of an earth embankment which traverses a
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strike-slip fault offset would be beneficial. Of course, in the long run, it
is hoped that modeling techniques will be developed to investigate the
simultaneous application of static and dynamic loads on an earth

embankment.

3. Properties: To adequately answer Question 3 (How much reservoir
water couid leak through disturbed core and filter zones or through a
disturbed foundation, and might this result in uncontrolled internal
erosion?), the hydraulic conductivity along newly formed shear
fractures in earth materials must be investigated. Further studies to
investigate localized stress reduction, tensile failure, or potential
hydraulic fracture would also be useful. Additionally, the performance

of filter materials disturbed by tectonic movements remains uncertain.

These are only some of the most significant shortcomings of the current level of
understanding of the effects of tectonic movements on stresses and deformations in

earth embankments. Further study of this class of problem would be desirable.
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