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Abstract  The article outlines the main findings and conclusions of the QUAKER research
project and other related studies on the behaviour of foundations built on top of a ruptur-
ing dip-slip fault. Although emphasis is placed on normal faults, the derived conclusions
are valid for reverse faults, as well. A key conclusion is that it is quite feasible to design
a foundation to withstand an underneath rupturing fault. Practical design recommendations
suitable for developing future Code requirements on the subject, are developed on the basis
of the presented conclusions.
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1 Introduction

Seismic codes and engineering practice had in the past invariably demanded that “buildings
of important classes . . . shall not be erected in the immediate vicinity of tectonic faults rec-
ognized as being seismically active” (e.g.: EC8 1994). “Immediate vicinity” ranged in the
various national codes from a few tens of meters to several hundred meters. However, such a
strict prohibition is difficult (and sometimes meaningless) to obey for a number of reasons:
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(a) Itis difficult to reliably determine which faults are potentially active in the earthquake
sense (i.e., are capable of generating a significant earthquake rupture). Even the defi-
nition of “active” is debatable.

(b) Along the ground surface, the “fault outcrop” neither is continuous, nor does it follow
precisely pre-existing fault outcrops. Instead, faults follow planes of weakness within
a rather broad shear zone. The presence of soil deposits further complicates the pattern
of fault outcrop; the rupture path in the soil is not a simple extension of the base fault—
phenomena such as “diffraction” and “bifurcation” change the direction of, and diffuse
the rupture path. Secondary fault ruptures may occur outside a mapped fault zone. Thus,
predicting the exact location of a fault break-out on the surface is a formidable task,
even when on a large-scale map the fault line is depicted with clarity. For examples of
erratic and unpredictable path of a fault outcrop, see many sections of the Chelungpu
fault rupture in the Chi-Chi 1999 earthquake in the companion paper (Faccioli etal.
2008).

(c) Large and spatially-extended structures (such as bridges, tunnels, pipelines, multiple-
housing projects, embankments) cannot avoid crossing known (or unknown) seismically
active faults.

(d) The hazard associated with a fault rupture reaching the ground surface has a low prob-
ability of occurrence in moderately seismic areas.

On the other hand, the Kocaeli and Diizce earthquakes revealed that several structures (simple
buildings, bridges, pylons, bunkers) survived outcropping fault dislocations of the order of
2 m almost unscathed. In many of these cases, the surface rupture path deviated, and almost
avoided rupturing directly underneath the structure. In other cases, however, the damage was
substantial even though the fault rupture was “masked” by the near-surface soil and did not
create a scarp. It became apparent that, in addition to the very important role of the depth
and stiffness of the soil deposit under a particular structure, interplay takes place among the
structure, the soil, and the propagating rupture. This interplay may be of critical importance
for the performance of the structure.

All this motivated the joint research effort within the QUAKER project, aimed at clarifying
the role of the soil-foundation—rupture interaction and developing proper design guidelines
for building near suspected or actual active faults. Several papers in this issue of the journal
have presented key findings of this research.

An integrated approach was followed in our research, comprising three interrelated steps:
field studies, centrifugal experiments, and numerical/analytical modelling.

Specifically:

e Field studies of documented case histories, which not only motivated our investigation
but also offered material for calibration of the theoretical methods and analyses;

e carefully controlled centrifugal experiments helped in developing an improved under-
standing of the key mechanisms of the problem, and in acquiring a reliable experimental
data base for validating the theoretical simulations; and

e theoretical methods (analytical or numerical), calibrated against the above field and exper-
imental data, offered additional insight into the nature of the interaction, and were utilised
in developing parametric results and design aids.

In the sequel we present a summary of our key conclusions and make some practical
recommendations.
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Fig. 1 Main prerequisites for successful numerical simulation of fault rupture propagation through soil, and
its interaction with foundation—structure systems

2 Main conclusions of QUAKER and related studies

(a)

(b)

(©)

The use of properly calibrated numerical methods of the complete system (soil, foun-
dation, structure) under the action of a large imposed fault dislocation is indispensable.
Such methods proved capable of explaining the observed behaviour (both successes
and failures) of numerous structures in Turkey and Taiwan in the 1999 earthquakes,
and led to reasonable interpretation of previously-published small-scale experimental
results. Simple analytical approaches may also be desirable for estimating upper bounds
of “safe” distances from a fault rupture.

Several prerequisites for a successful numerical simulation were identified from a para-
metric investigation; they are illustrated in Fig. 1:

e the choice of a very refined mesh (element size of the order of 1 m or less), or
a suitable slip-line tracing algorithm in the region of soil rupture and foundation
loading;

e the consideration of a long region (total length L equal to four times the depth to
rock H);

e the choice of a suitable elastoplastic constitutive model, such as a Mohr—Coulomb
type model (preferably with strain softening), and being capable of treating large
deformations;

e the use of suitable interface elements between foundation and soil, allowing for
sliding and separation that may be caused by the emerging fault rupture.

Centrifuge modelling of the propagation of a rupture through a soil deposit, and con-
sequently of the interaction between the rupture and a rigid foundation on the ground
surface on top of the emerging fault can be successfully accomplished.

The results of such modelling, performed at the University of Dundee (Bransby etal.
2008a, b), were in very good accord with genuine predictions using the numerical
methodologies (Anastasopoulos etal. 2007, 2008a) for: (i) the diversion and bifurca-
tion of the outcropping dislocation; (ii) the displacement profile at the ground surface;
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Fig. 2 The main factors influencing fault rupture—soil-foundation—structure interaction

and (iii) the rotation of the foundation. This gives confidence in the conclusions and
recommendations of this study.

(d) The main factors influencing Fault Rupture—Soil-Foundation—Structure Interaction
(FR-SFSI), as graphically outlined in Fig. 2, are:

e the style of faulting (normal, thrust, strike-slip), the angle of dip of the fault,
and the offset (dislocation) at the basement rock;

o the total thickness (H) of the overlying soil deposit, the stiffness (G), the strength
(¢, ¢) and dilation () characteristics of the soil along the depth;

e the type of the foundation system (for example, isolated footings, mat foundation,
box-type foundation, piles, caissons);

e the flexural and axial rigidity of the foundation system (thickness of mat foundation,
size and length of tie beams, etc.);
the total load of the superstructure and the foundation;
the (vertical) stiffness of the superstructure (number and dimensions of key struc-
tural members, spacing of columns, presence or not of shear walls, etc.);

e the distance s from the foundation corner to the free-field fault outcrop.

(e) The distress of the foundation stems to a large extent from the loss of support due
to detachment of its base from the bearing soil. As schematically illustrated in Fig. 3,
depending on the exact position of the foundation with respect to the outcropping fault
rupture, loss of support may take place either at the two ends or at the middle. In
the former case, the unsupported spans behave as cantilevers on a central elastic sup-
port (giving “hogging” deformation); in the latter case, as a single span on elastic end
supports (giving “sagging” deformation).

(f) The type of foundation system seems to play a crucial role in the response of the structure
to the emerging dislocation. Structures supported on rigid mat or box-type foundations
perform quite well, in contrast to those on isolated footings or on piles. Stiff buildings
founded on rigid box-type foundations may force the fault rupture to divert.

(g) Even moderately reinforced buildings, may be capable of performing well as cantile-
vers, bridging locally-generated “gaps”, if they are founded on rigid and continuous
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Fig. 3 Foundation distress arising from loss of support: depending on the position of the foundation rela-
tive to the outcropping fault rupture, loss of support may take place at either of the two ends (a) or at the
middle (b)

foundation systems. Several simple buildings in the 1999 region of Denizevler, near
Golciik, offered real-world examples of such encouraging performance (Anastasopou-
los and Gazetas 2007a, b; Faccioli etal. 2008).

(h) Foreach case, the total average pressure ¢ transmitted onto the soil determines the width
of the zone of separation. In general, increasing ¢ decreases the width of separation; in
some cases detachment from the soil may be completely avoided (Anastasopoulos etal.
2008a, b). Hence, the relative stressing of the foundation compared to the initial static
loading decreases with increasing g . The beneficial role of ¢ is dual in this respect: (i) by
pushing the foundation it compresses the soil, and “flattens” any scarp or asperity that
would have developed on the (free) ground surface; and (ii) it changes the stress field
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underneath the structure (e.g. increases the normal stresses under the centre), leading
to diversion of the fault rupture. A “heavily” loaded foundation on soft/loose soil is
capable of diverting the fault rupture and “flattening” the soil surface substantially.

(i) Structures in the vicinity of active faults can be and should be designed to withstand
tectonic dislocations. This research, as outlined here and developed in the companion
papers of this volume, provides combined numerical and experimental evidence indi-
cating that fault rupture diversion is possible. However, even if the rupture is diverted,
the foundation may still be subjected to significant stressing. The latter is quite sensitive
to the exact position, s, of the foundation with respect to the fault outcrop as it would
have appeared in the free field. Since the latter cannot always be predicted with cer-
tainty, when designing a foundation against tectonic-induced deformation, its position
should be varied parametrically as part of the design process.

(j) Buildings on isolated footings are unable to “avoid” a direct “hit” of an outcropping
fault rupture. The dislocation emerges within the structure, causing significant differen-
tial vertical and horizontal displacements, and consequently deformation and distress
in the structure (Anastasopoulos and Gazetas 2007a, b; Faccioli etal. 2008). Thus,
such structures are susceptible to partial or full collapse when subjected to severe fault
dislocations.

(k) Structures on piles may often perform worse than on rigid and continuous foundations.
This is because piles tend to force the superstructure to follow the imposed deforma-
tion, thereby imposing severe horizontal and vertical differential displacements that
may damage the structure. As an example, Fig. 4 illustrates the deformation of a 3 x 3
pile group (with a pile cap 10 m x 10 m in plan) subjected to a 60° normal fault rupture
that would have outcropped (in the free-field) at s = 9m, i.e. near the right edge of the
group (Gazetas etal. 2007). The piles with their pressure and transmitted loads diffuse
the rupture, but still suffer from unequal settlements and large non-uniform horizontal
displacements. The lower parts of the front and central row of piles are pulled down-
and out-ward, while the tips of the back row of piles remain nearly fixed inside the
“footwall” block. As a result, the rotation and lateral displacement of the cap and the
bending moments in the piles attain very large, perhaps unacceptable, values.

(1) Structures resting on discrete supports, such as bridges, are practically forced to follow
the imposed ground deformation. Bridges with continuous superstructure (deck) will
thus suffer from large, and most probably un-tolerable, stressing. Such an example of a
three-span road bridge is illustrated in Fig. 5a. A practical solution can be the separation
of the continuous superstructure in multiple simply-supported decks (Fig. 5b). In such
a case, the main risk will arise from differential displacements and rotations between
adjacent supports (piers). With enough seating of deck beams and adequate restraints
(stoppers), bridge structures can be designed to survive even large tectonic dislocations.

3 Design recommendations

On the basis of all the analyses reported in this and the companion papers, as well as results
from the literature (Duncan and Lefebvre 1973; Berill 1983; Youd etal. 2000; Bray 2001),
the following recommendations are made for future seismic codes for structures on active
faults:

(1) Building in the vicinity of active seismic faults could be allowed only after a special
seismotectonic—geotechnical—structural study is performed. In such a study, the effects
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Fig. 4 Group of 3 x 3 piles founded in the path of a rupturing normal fault: (a) cross-section a—a of the 3-D
finite element discretisation; (b) deformed mesh of the soil-pile—cap system with superimposed concentration
of plastic octahedral shear strains, for s = 9m

2

3

of all known faults in the vicinity of the structure shall be investigated, and measures
shall be taken to effectively face the consequences of their rupturing.

The exact location of surface outcropping of a seismically active fault cannot be pre-
dicted with accuracy, even in cases of well-mapped faults. First of all, it relies on the
location of the fault at bedrock, the estimation of which is not always straight-forward.
Even if the fault line is accurately mapped, there is no practical guarantee that the same
fault will outcrop at exactly the same location in a future earthquake. Since the location
of the foundation relative to the outcropping fault rupture is critical for its stressing
(Anastasopoulos etal. 2008a, b), foundation—superstructure design and analysis should
be conducted for a range of postulated possible fault break positions. Furthermore, tak-
ing account that the magnitude of a future fault dislocation is also quite uncertain (e.g.
Wells and Coppersmith 1994), it should also be investigated parametrically.

The presence of a structure may lead to diversion of the rupture path, as well as to
modification of the surface displacement profile caused by the emerging fault rupture
(Anastasopoulos etal. 2008a, b). Depending on the rigidity, continuity, and weight of
the foundation—structure system, even complete diversion of the fault path may take
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Fig. 5 Three-span road bridge subjected to faulting-induced deformation. Comparison of continuous deck
versus three separate simply-supported decks: (a) deformed mesh with superimposed plastic octahedral shear
strains; (b) evolution of faulting-induced bending moments M along the deck with parametrically increasing
value of the imposed bedrock offset i

place. Additionally, depending on how soft/loose the soil is, a distinct (and steep) fault
scarp may be diffused by the structure to a widespread differential settlement. Hence,
soil-foundation interaction should be taken into account in the design of structures in
the vicinity of active faults, and numerical methodologies such as those developed in
the companion papers (Anastasopoulos etal. 2008b) can be used. Charts presented
in Paolucci and Yilmaz (2007) may be advantageously used at a preliminary stage for
shallow foundations to define the conditions for which, whatever the original location
of the fault at the bedrock elevation, the ground surface rupture will not intersect the
foundation.

(4) The foundation type plays a crucial role in the response of a structure to fault-induced
displacement. Properly designed to act as partially unsupported, continuous and rigid
foundation systems (Fig. 6a), such as rigid mat or box-type foundations, are advanta-
geous and should be preferred. Isolated footings should in general be avoided. The lack
of foundation continuity may lead to fault outcropping within the limits of a structure.
If used, isolated footings should always be connected with rigid tie-beams (Fig. 6b).

(5) Piled foundations, if required, should be designed with special care. They tend to “force”
the structure to follow the fault-induced displacement (Fig. 6¢). To avoid or limit damage
to the superstructure, piled foundations should be combined with a rigid and contin-
uous pile cap, and possibly with weak pile/strong superstructure design (the opposite
of conventional “capacity” design, as applied today). Such a combination may allow
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Fig. 6 Schematic summary of recommendations: (a) continuous and rigid foundation systems (mat or box-
type); (b) discontinuous foundation systems (spread foundations); (¢) piled foundations

the superstructure not to be subjected to the differential displacement experienced by
the piles: since the piles will be weaker than the superstructure, they will be forced to
fail, leaving the superstructure intact. The rigid and continuous pile cap is required: (i)
to enforce pile failure, instead of failure of the superstructure; and (ii) to compensate
for the loss of support due to pile failure (i.e., to bridge locally generated gaps). Such
a design philosophy combines the advantages of a piled foundation (safe transmission
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of superstructure loads, when soil conditions are poor), with the advantage of rigid
and continuous raft foundations (in terms of faulting-induced deformation). “Isolating”
the pile from a potentially downward (or upward) moving soil block should also be
explored. Such isolation may be achieved through use of special coating materials,
such as low friction asphalt mixes, for example.

(6) For bridge structures, where foundation continuity is not possible (each pier is founded
on a separate foundation), continuous superstructure systems are disadvantageous (the
deck will be subjected to the imposed differential displacement) and simply supported
superstructures are preferable: each deck may be displaced and/or rotated as a rigid
body, without being subjected to stressing. Special care should be taken to avoid deck
collapse due to excessive relative displacement of the deck relative to the pier. Large
enough seating and adequate restraining devices, such as stoppers, are required to avoid
such failures.

(7) In the case of underground structures, such as bored and cut-and-cover tunnels, “open”
cross-sections should be avoided. Such cross-sections are equivalent to the case of
isolated footings, and may allow fault outcropping within the limits of the tunnel, sus-
taining its superstructure to large differential displacements. In stark contrast, “closed”
cross-sections provide adequate continuity and rigidity, helping the tunnel to convert
the imposed deformation to rigid body rotation instead of distortion. In cut-and-cover
tunnels, the weight of the fill (cover) plays a significant role and should be taken into
account. Its effect may be seen as qualitatively similar to the effect of the surcharge
load on a raft foundation.

4 Limitations

The numerical and experimental studies utilised to derive the conclusions and design rec-
ommendations of the present paper deal with the quasi-static offset due to dislocation of the
seismogenic fault. The related shaking component is the result of the multitude of seismic
waves emanating from different “points” of the rupturing fault, and is considered as an alto-
gether different type of loading. The combination of the two phenomena (quasi-static offset,
and oscillatory shaking) may be particularly severe for the superstructure (not specifically
for the foundation). Such combined stressing has not been addressed in the present work,
and further research is desirable.

5 Conclusions

The present article has outlined the main findings and conclusions of the EU-funded QUAKER
research project, in combination with other related studies dealing with the interaction of
foundation—structure systems with dip-slip fault ruptures. On the basis of numerical and
experimental simulations, a set of practical design recommendations has been proposed.
Although preliminary, these recommendations can form the basis for future Code require-
ments on the subject. The key conclusion is that it is quite feasible to design foundation—
structure systems to withstand an outcropping dip-slip fault rupture. However, given the
complexities of the problem, building in the vicinity of active seismic faults should be al-
lowed only after a special seismotectonic-geotechnical-structural study is performed. In such
a study, the effects of all known faults in the vicinity of the structure shall be investigated,
and measures shall be taken to effectively face the consequences of their rupturing.
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