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Abstract Earthquake fault ruptures may emerge at the ground surface causing large
differential movements. When fault ruptures emerge at or adjacent to the position of existing
foundations, significant damage can be caused. However, the study of recent faulting events
revealed that in some circumstances the fault-rupture emergence is deflected by the presence
of buildings leaving the buildings intact. A centrifuge modelling study has been conducted
to investigate how normal faults interact with strip foundations which run parallel to the
strike direction. The study confirms that fault rupture may be deviated by the presence of the
foundation so that the foundation is protected from the most serious differential movements.
However, whilst the fault propagates to the soil surface the foundation has to withstand initial
movements before the final fault rupture emergence mechanism is activated. The centrifuge
results suggest that it is the bearing pressure of the foundation which causes the deviation
of the fault rather than the kinematic restraint of the foundation. The interaction between
the earthquake fault and the shallow foundation depends on the foundation bearing pressure,
foundation width, soil depth and position of the fault relative to the foundation and these
aspects should be considered in design. Results from the tests are used to validate a series of
finite element analyses as reported in an accompanying paper.

Keywords Centrifuge modelling · Earthquake fault rupture · Shallow foundations

1 Introduction

During earthquakes, both transient ground shaking and permanent ground deformation are
produced. To date, most research has concentrated on the performance of infrastructure when
subject to transient ground shaking due to the large spatial extent of this excitation. However,
the permanent ground deformation caused by faulting is a serious hazard to the serviceability
of infrastructure (e.g. Bray 2001; O’Rourke 2003). Detailed study of earthquakes (particularly
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Fig. 1 Geometry of normal fault rupture emergence adjacent to a shallow foundation

those in Turkey and Taiwan in 1999) has revealed that, in particular, there is complex inter-
action between earthquake faults and buildings supported by shallow foundations. In some
cases the buildings appeared able to divert the earthquake fault rupture emergence away from
the buildings (Niccum et al. 1976; Ulusay et al. 2002; Anastasopoulos and Gazetas 2007a,b;
Faccioli et al. 2008) and thereby suggest that it is possible for shallow foundations to be
designed to withstand nearby earthquake faulting.

This paper reports a study using centrifuge modelling to investigate the performance of
shallow foundations resting on shallow soil layers subject to normal dip-slip faulting. Cen-
trifuge modelling was used to allowed detailed examination of the factors that affect the
foundation–fault interaction in a controlled environment, with soil at appropriate effective
stress levels. In addition, the data was used for validation of numerical work reported else-
where (e.g. Anastasopoulos et al. 2008) and to inform design (Pecker et al. 2008).

The work formed part of a study comprising of field testing, numerical modelling and
physical modelling carried out during the EU-funded QUAKER project. Additional insight
was gained of fault–foundation interaction by integrating findings from the different research
methods and many of these finding are reported in accompanying papers (e.g. Faccioli et al.
2008; Anastasopoulos et al. 2008; Pecker et al. 2008).

The centrifuge test series comprised of free-field tests (without foundations) which could
be compared with those with foundations present for examination of interaction effects. Also
included was a parametric study designed to investigate the effect of foundation position,
bearing pressure and breadth on the fault–foundation interaction.

This paper will concentrate on the behaviour of normal dip-slip faults with a 60◦ dip
angle propagating through a shallow soil layer. The foundation and soil geometry is shown
schematically in Fig. 1. A dip-slip normal fault rupture is propagated by the downwards dis-
placement of the bedrock at 60◦ to the horizontal. In the free-field case a fault will propagate
through the soil layer and emerge at the soil surface if there is sufficient fault displacement.
The undisplaced side of the fault is denoted as the foot wall, while the deforming block is
called the hanging wall. A surface footing of breadth B with applied vertical pressure, q , rests
on the soil surface with its foot wall edge a distance s from the position of the emergence of
a fault for the free-field case.

A 60◦ dip angle was selected to agree with common field conditions, and the soil
response was modelled to be drained and quasi-static agreeing with findings from case
histories (Faccioli et al. 2008; Anastasopoulos and Gazetas 2007a).
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2 Background

Modelling has been carried out previously to investigate the propagation of dip-slip
earthquake faults through soil layers without foundations, using physical model testing
(e.g. Roth et al. 1981; Cole and Lade 1984; Bray 1990; Lazarte and Bray 1996) and numerical
modelling (e.g. Bray et al. 1994; Roth et al. 1982). General findings include the realisation
that both normal and reverse fault propagation through soil is a progressive event with the
final emergence of the fault rupture (if it occurs) dependent on the soil layer depth, the soil
properties (particularly angle of dilation), dip angle and fault mode. These findings have been
supported by field evidence (e.g. Lade et al. 1984; Bray 1990; Scott and Schoustra 1974).

Considerably less research has investigated the interaction between shallow foundations
and faulting events and most findings have resulted from investigation of field events
(e.g. Niccum et al. 1976; Bray 2001; Ulusay et al. 2002; Pamuk et al. 2005). In terms of
modelling, Berill (1983) used upper bound plasticity to suggest the interaction between shal-
low foundations for strike-slip faulting events in undrained soil. This approach has recently
been extended to dip-slip faults in undrained materials (Yilmaz and Paolucci 2006). Bray and
his co-workers have investigated aspects of the interaction behaviour with combinations of
numerical modelling (e.g. Bray 2001), field investigations and laboratory scale model testing
(Lazarte 1996; Lazarte and Bray 1996), but most of this work was conducted for undrained
(‘cohesive’) soils.

To date, no physical modelling has been performed to investigate fault–foundation inter-
action for drained conditions where the effective stress state of the soil is equivalent to that
in the field event. This is important because Cole and Lade (1984) demonstrated that it is the
dilation angle which controls significantly the position of the fault propagation, and dilation
angle (for a given relative density) is dependent on effective stress (e.g. Bolton 1986). Cen-
trifuge modelling, where a reduced-scale sample is subject to an elevated acceleration field,
is an effective tool for correctly modelling the effective stress profile of a controlled, scaled
soil sample (e.g. Schofield 1980) and this technique is used here.

3 Experimental methods and apparatus

3.1 Model geometry and apparatus

A schematic view of the boundary value problem investigated in the centrifuge model tests is
shown in Fig. 2a. For all tests reported here, a normal fault of dip angle 60◦ was propagated
through a dry sand layer of depth, H=25 m (at prototype scale) in a quasi-static, drained
manner. Tests were conducted at 115 times Earth’s gravity in the Dundee University beam
centrifuge so that prototype dimensions were 115 times greater than the model, but the stress
levels in the model and prototype were equal. For more details of centrifuge scaling laws see
Schofield (1980) and Muir Wood (2004).

The apparatus is shown in Fig. 2b and c. The apparatus was contained within a centrifuge
strong box of internal dimensions 800×500 mm (in plan) and 500 mm deep which had a front
and back face constructed from Perspex. A split box was constructed within this strongbox of
internal dimensions 655.9 mm (wide)×500 mm (broad)×220 mm (deep) which contained
the soil (see Fig. 2b and c). For the tests here conducted at 115 g, this represents a soil depth
of 25 m and a zone 79 m by 57.5 m in plan. Aluminium blocks were used to support rigidly
the soil on the footwall (left hand) side of the box. A rigidly translating base and wall (shown
shaded in Fig. 2b) on the hanging wall (right hand side) of the soil sample provided the

123



588 Bull Earthquake Eng (2008) 6:585–605

(a) 

Soil layer

Foundation

Breadth, B 

Layer thickness, H = 25m

Bearing pressure, q 

51.97 m
60o

Position, s 

Free-field fault 

23.46 m

Fault offset displacement, δ

(b) 

(c) 

Soil

60o

H = 216 mm 

δ

LVDT 1 
     LVDT 4 

451.9 mm Hydraulic jack

204 mm

     LVDT 3 
     LVDT 2 

Foundation

Fig. 2 The centrifuge apparatus. (a) Schematic of the test boundary conditions during normal faulting (not
to scale). (b) Schematic of the centrifuge apparatus. (c) Photograph of centrifuge apparatus (after centrifuge
test 22)

displacement boundary condition. The displacing rigid hanging wall base and wall section
was supported by a pair of hydraulic jacks which were used for actuation. By pumping oil
into the jacks, the block was lifted and a reverse fault was activated; by removing oil from the
jacks, the block moved downwards and a normal fault was activated. The maximum stroke
length achievable using this apparatus in the normal faulting mode was 26.4 mm, representing
a 3.04 m fault displacement (δ) at prototype scale. To ensure that the apparatus gave a fixed
dip angle, a linear bearing was placed on the left side of this base block (supported by the
rigid aluminium blocks supporting the footwall) and an additional three bearings were placed
on aluminium blocks connected to the displacing (hanging wall) side wall. These bearings
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were all inclined at 30◦ to the vertical giving a dip angle of 60◦. All edges of the split box
were lined with sandpaper to ensure that fully rough boundary conditions were modelled.

3.2 Sample preparation

All tests were conducted with dry sand to ensure drained conditions. Fontainebleau sand was
used because of its known properties and previous use by researchers. This is a uniform fine
silica sand with d50 = 0.3 mm, ρmax = 1703 kg/m3, ρmin = 1440 kg/m3 (Gaudin 2002).

The soil was prepared by dry pluviation to give a target relative density, Dr = 60%. This
corresponds to a unit weight, γ = 15.67 kN/m3. Coloured sand layers were placed in close
proximity to the front face to allow visual detection of shear planes. The sand used for these
layers was Fontainebleau sand dyed with blue ink and this was pluviated to form approx-
imately 10 mm thick layers. Direct shear tests were conducted on samples with Dr = 60%
which gave φ′

pk = 35◦ and ψ ′ = 6◦ at the effective stress at the mid-depth of the sand layer

(σ ′
v = 15.67 kN/m3 × 12.5 m = 196 kN/m2) in the centrifuge tests and prototype.
The foundations were constructed from either steel or aluminium and were of breadth,

B/115 (typically 87 mm for a 10 m wide foundation at full scale) and thickness 10 mm. All
were of length, L=500 mm (the width of the soil container) giving plane strain conditions
and had rough bases. The foundation bearing pressure was achieved by controlling the self-
weight of the foundation. Steel foundations gave bearing pressure, q=91 kN/m2 and an
aluminium foundation gave a bearing pressure, q=37 kN/m2. The foundations were placed
directly on the soil surface in the appropriate position from the fault, ensuring that they were
parallel to the strike of the fault and that one side of the foundation was in close proximity to
the Perspex front face. Markers were placed on this visible foundation face to facilitate later
digital image analysis.

3.3 Model instrumentation

Point measurement of displacement was achieved using four linearly variable differential
transformers (LVDT) positioned as shown in Fig. 2b which were logged throughout the tests.
One of the LVDTs was placed on the displacing rigid apparatus and gave direct measurement
of the vertical component of the fault displacement (h) and this was used to monitor the
progress of the fault actuation during testing. Additional LVDTs allowed measurement of
vertical movements of the soil surface and/or the foundation.

Measurement of soil displacement fields and foundation movements was achieved by the
use of digital image analysis. Digital images of the soil sample were captured through the
Perspex front face using a Canon S45 digital camera placed on the gondola of the centrifuge.
As the faulting tests proceeded, a series of up to 80 digital images were collected each cor-
responding to a different fault displacement. The robust optical flow programme, Geo-PIV,
written by White et al. (2003) was then used to obtain soil displacement measurements by
comparison of pairs or sequences of the digital images captured in flight. Post processing in
the Matlab environment allowed examination of displacement and strain fields.

3.4 Centrifuge test sequence

Once the target centrifuge acceleration (115g) was reached, an initial digital image was cap-
tured. Faulting was initiated by letting out oil from the hydraulic cylinder. Digital images
were captured for increasing fault movements until the maximum fault offset was achieved
at which time the centrifuge was stopped. Digital images were taken of the reverse side of
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Table 1 Centrifuge testing programme

Test
identifier

Footing
breadth
(m)

Bearing
pressure
(kPa)

Relative
density
[Dr (%)]

Fault
position
[s (s/B)]

12 – – 60.2 –
14 10 91 62.5 3.0 m(0.3)
15 10 37 59.2 3.1 m(0.31)
18 10 91 63.7 8.5 m(0.85)
20 25 91 56.0 10.9 m(0.44)
22 9.43

(flexible)
91 55.7 3.2 m(0.34)

the strongbox and of the soil surface after the test to ensure that the soil deformation was in
plane strain.

The programme of model tests is shown in Table 1. Following a free-field test (H=25 m),
five further foundation tests allowed investigation of the effect of bearing pressure (q), foun-
dation breadth (B), foundation position (s) and foundation flexibility. The results of the tests
are presented below at prototype scale unless specified otherwise.

4 Results

4.1 Free-field conditions (test 12)

Before conducting the fault–footing interaction tests, it was important to investigate the man-
ner of normal fault propagation for the free-field case. Consequently, test 12 investigated a
dry sand layer of depth, H=25 m and relative density, Dr ≈ 60% which was used in the later
fault–foundation interaction tests.

A selection of the digital images captured during tests 12 are shown in Fig. 3. Figure 3a
shows the image for a vertical component of fault movement (throw), h=0.48 m (h=4.2 mm
at model scale). The hanging wall has moved downwards only a small distance and there is
no localisation visible in the image. However, by a displacement, h=0.8 m (Fig. 3b) first a
very steep, short vertical localisation (‘S1’ in Fig. 3b) and then a longer localisation (‘S2’ in
Fig. 3b) is mobilised approximately 3/5th to the soil surface from the base. This is shown in
more detail in Fig. 4a. By a displacement, h=1.15 m (Fig. 3c) both S1 and the top section
of S2 have become inactive, and a new ‘final’ localisation (‘S3’ in Fig. 3c) is active and has
propagated to the soil surface. This fault continues to be active for larger fault displacements
(Fig. 3d). A close up of the final fault near the bedrock discontinuity is shown in Figure 4b.

Soil deformation mechanisms deduced from image analysis at different stages of fault
propagation are shown in Fig. 5. Both incremental soil displacement vectors and contours
of maximum shear strain are presented. Figure 5a shows that the initial (i.e. small fault
movement) deformation field is very diffuse with no localisation occurring. This is con-
firmed with a plot of the measured surface settlement profile shown in Fig. 6. For fault
movements, h ≤ 0.8 m, the soil surface deforms with a continuous profile as the fault has
not propagated to the surface. Figure 5b shows that for larger fault movements (when S2 is
active) there is more localisation but no emergence at the surface (Fig. 6). Finally, on fault
outcropping (when h ≤ 1.01 m), there is a strong discontinuity of surface settlement (Fig. 6)
and soil deformation (Fig. 5c) as shear plane S3 propagates up to the soil surface (Fig. 3c).
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Fig. 3 Photographs taken during normal fault propagation: test 12. (a) Fault throw, h=0.48 m (hmodel =
4.2 mm). (b) h = 0.80 m (hmodel = 6.9 mm). (c) h = 1.15 m (hmodel = 10.0 mm). (d) h = 2.16 m (hmodel =
18.8 mm)

10 mm

≈ 3.5 mm

10 mm

(a) (b) 

Fig. 4 Enlargements of selected portions of images captured during test 12. (a) Close up of rectangular zone
shown in Figure 3b. (b) Close up of zone highlighted in Fig. 3d

The surface displacement profiles (Fig. 6) and the shear strain contour plot on Fig. 5c reveal
that once the discontinuity had reached the soil surface, there was no further deformation of
the soil surface outside the shear plane: the soil on the foot wall remains rigid and stationary;
the soil on the hanging wall translates rigidly.
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Fig. 5 Incremental soil displacement vectors and shear strain contours at different stages of fault-rupture
propagation for a free-field normal fault (test 12). (a) Fault throw, h = 0 to 0.174 m (�h = 0.174 m)
�h/H = 0.7% (b) h = 0.48 to 0.67 m (�h = 0.19 m) (c) h = 1.01 to 1.15 m (�h = 0.14 m)

The results demonstrate that the fault propagation is progressive due to the ductility of the
soil as pointed out by previous researchers (e.g. Cole and Lade 1984; Roth et al. 1982; Bray
et al. 1994). The initial localisations (‘S1’ and possibly ‘S2’) are likely to be due to high
dilation at small shear strains on initial deformation of the soil layer (e.g. Muir Wood and
Stone 1994; White et al. 1994). The final failure mechanism (‘S3’) has a single displacement
discontinuity (fault) with a dip angle (67◦), slightly steeper than that applied at the base of
the soil layer. To mobilise this to the soil surface required a fault throw, h=1.01 m (4% of
the soil height) and the fault rupture emerged 9.8 m (85 mm model scale) to the foot wall side
of the basement fault.

The expanded view of the shear localisation shown in Fig. 4b reveals that the shear band
thickness is approximately 3.5 mm at model scale. This corresponds to 11.67d50 agreeing with
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Fig. 6 Vertical displacement profile near the soil surface (at depth, z=0.9 m) for increasing fault throw (h).
Free-field fault (test 12)

the results of previous researchers (e.g. Scarpelli and Wood 1982; Muhlhaus and Vardoulakis
1987; Muir Wood 2002). Note that this corresponds to a shear band thickness of approxi-
mately 400 mm at full scale. It should also be noted that previous researchers have suggested
that a relative displacement across a displacement discontinuity of between 100d50 (Scarpelli
and Wood 1982), 120d50 (Vardoulakis et al. 1981) and 176d50 (Stone and Muir Wood 1992)
is required to move from peak strength (with associated dilation) to a critical state (with zero
dilation). For the particle size used in these experiments, this corresponds to a relative dis-
placement between 30 and 52.8 mm, suggesting that the model scale throw, hmodel = 18.8 mm
(relative displacement, δmodel = 21.7 mm) for Fig. 4b may not have generated critical state
conditions.

4.2 Fault-rupture–footing interaction: base case with B=10 m; q=91 kPa,
s=3.0 m (test 14)

A foundation of breadth, B=10 m and bearing pressure, q=91 kPa was used as the base
condition (test 14; Table 1). These parameters were selected as typical of those expected for
an 8-storey building with a raft foundation. The foundation was placed on the soil surface so
that the free-field fault would have emerged at a distance, s=3.0 m (s/B=0.3) to the right of
the left hand (foot wall) edge of the foundation (see Fig. 7a).

Four of the digital images captured during this fault–footing interaction test are shown in
Fig. 7. For small fault displacements (Fig. 7a) there is no localisation. In Fig. 7a the founda-
tion can be seen on the top surface of the soil and the free-field fault position is indicated. For
larger fault displacements (h=0.48 m in Fig. 7b) an initial steep localisation has formed simi-
lar to that observed in the free-field test. Note, however that there is no observable vertical slip
plane and ‘S1’ for this test corresponds to ‘S2’ for the free-field test. By a fault displacement,
h=0.99 m (Fig. 7c) the shear plane ‘S1’ has almost reached half way up the soil surface and
a second shear plane (‘S2’ Fig. 7c) has propagated from the left hand edge of the foundation
downwards to a depth of about 0.5 B. Note, at this displacement the main fault (‘S3’ in
Fig. 3c) had emerged at the ground surface in the free field test. For the final image (h ≈ 2 m),
the failure mechanism consists of a single discontinuity on the line of ‘S2’ (Fig. 7d) and
‘S1’ has become inactive. The calculated soil displacements for the final mechanism (when
h ≈ 2 m) is shown on Fig. 8 and demonstrates that there are negligible deformation outside
the shear plane once the final mechanism forms.

123



594 Bull Earthquake Eng (2008) 6:585–605

(c)

Foundation

Free-field fault
S1

S2 S2

S1

(a) (b)

(d)

Fig. 7 Digital images taken during test 14 (B=10 m; s=3.0 m; q=91 kPa) (a) Fault throw, h = 0.36 m
(hmodel = 3.2 mm). (b) h = 0.48 m (hmodel = 4.1 mm) (c) h = 0.99 m (hmodel = 8.6 mm) (d) h = 2.01 m
(hmodel = 17.5 mm)
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Fig. 8 Cumulative soil displacements after h=2.01 m (hmodel = 17.5 mm) in test 14 (a) Displacements (b)
Maximum shear strain (γmax)

As for the free-field case, a fault propagates progressively upwards from the base. How-
ever, for this case there is a second main localisation which appears to propagate downwards
from the displacement singularity of the left hand (foot wall) edge of the foundation (‘S2’
in Fig. 7c). The final fault rupture emergence was at the left of the foundation, so that the
foundation caused a deviation of the fault position from the free-field case (by 3 m in this
case). In addition, this final mechanism is not fully formed until h approaches 2 m (much
greater fault displacement is required than with the free-field fault).

Although the final fault does not emerge beneath the foundation, significant rotation
(θ), vertical (v) and horizontal (u) foundation movements are induced. Figure 9a plots the
three components of foundation displacement against fault throw. The vertical and horizontal
components of foundation rotation suggests that when fault throw, h > 0.5 m, the founda-
tion moves downwards and laterally at the velocity of the hanging wall. This is confirmed by
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Fig. 9 Foundation displacement during test 14 (q=91 kPa; B=10 m; s=3 m) (a) Foundation movements
against faults throw (b) Foundation trajectory: horizontal versus vertical displacement

plotting the trajectory of foundation displacement in Fig. 9b (where the dashed line
corresponds to the hanging wall displacements if it moves at the prescribed dip angle).
However, the foundation rotation shows a different pattern with fault displacement. For
fault throws, h<0.5 m, the foundation rotates about 2◦ per metre of fault displacement
(θB/h ≈ 0.35, where foundation rotation, θ is in radians). However, when fault displace-
ment, h>2 m there is no further foundation rotation—the foundation translates downwards
on the hanging wall and this is consistent with the mechanism shown in Fig. 8. This suggests
that the fault deviation has successfully prevented any further foundation damage once the
final mechanism has been mobilised. This agrees with observations from field case histo-
ries (e.g. Anastasopoulos and Gazetas 2007a; Faccioli et al. 2008) where heavy buildings
appeared to deviate the fault displacements without significant damage.
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Although the test confirms that fault deviation is possible due to the presence of shallow
foundations, the reason cannot be deduced from a single test. Consequently further tests
were carried out to investigate whether the deviation was due to the bearing pressure of the
foundation (which adds input work to the system when displaced downwards and changes
the stress field in the soil) or the kinematic restraint of the relatively rigid foundation. In addi-
tion, further tests were required to investigate other possible design conditions and create a
database of observations for future numerical modelling.

4.3 Effect of footing bearing pressure, q on fault–foundation interaction

Test 15 was identical to test 14 except that the bearing pressure was reduced from 91 kPa to
37 kPa to examine the effect of the bearing pressure on the fault–foundation interaction. This
bearing pressure could be considered to be appropriate for a 3 to 4-storey concrete building
with a raft foundation.

The digital images captured during the test reveal that after an initial ‘elastic’ deformation
with no localisation, a first localisation forms (‘S1’ on Fig. 10a) as for the heavier founda-
tion. However, this localisation propagates almost three-quarters of the way to the ground
surface (compared to half way for the heavier foundation) before a second localisation (‘S2’
on Fig. 10b) propagates from the footing corner with further fault movement. Again, this
fault propagates downwards to form a complete fault by a displacement, h=2.03 m (Fig.
10c) and shear plane ‘S1’ is then inactive.

Although the final failure mechanisms for the lighter foundation is similar to that for
the heavier foundation (a single strong discontinuity deviated 3 m to the left to the edge of
the foundation) and the same fault movements are required before the increase in founda-
tion rotation ceases (dθ/dh = 0 when h>2.3 m for both foundations), the lighter foundation
experiences larger rotations (Fig. 11). When the final mechanism has formed (h ≈ 2.5 m),
the heavy foundation (q=91 kPa) has experienced, θ = 2.0◦, whereas the lighter foundation
(q = 37 kPa) has θ = 5.1◦. This latter rotation may cause considerable structural damage or
even collapse.

The reduction of bearing pressure appears to make the foundation more liable to damage
for the conditions investigated here, but both foundations are sufficient to deviate the final
fault from beneath the foundation. The difference in initial fault propagation (and the conse-
quent foundation rotation) may be because the lower stresses in the soil beneath the lightly
loaded foundation inhibit the propagation of localisation ‘S1’ less than beneath the heavily
loaded foundation (compare Figs. 10b and 7c).

4.4 Effect of footing rigidity (EI) on fault–foundation interaction

To examine whether it is the bearing pressure on the ground surface or the kinematic restraint
of the foundation that controls primarily the fault–foundation interaction, test 22 was con-
ducted with similar conditions to that of test 14 (q=91 kPa, B ≈ 10 m; s ≈ 3 m) except that
the foundation was flexible. This was achieved by loosely connecting a bundle of steel rods
which were placed above a rubber base of breadth 82 mm (9.43 m at prototype scale). The
rods allowed shear/bending deformation and yet provided the appropriate bearing pressure
to the flexible rubber base and the soil beneath.

The images taken during flight (Fig. 12) reveal a response similar to that of the rigid foun-
dation (test 14). An initial localisation (‘S1’ in Fig. 12a) forms at the base before a second
localisation (‘S2’ in Fig. 12b) propagates downwards from the far corner of the foundation
until it forms a continuous shear plane (Fig. 11c). As before, the final shear plane is deviated
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(a)

(b)

(c)

S1

S2

S1

S2

Fig. 10 Digital images captured during test 15 (q=37 kPa; B=10 m; s=3 m) (a) h = 0.77 m (hmodel =
6.7 mm) (b) h = 1.26 m (hmodel = 11.0 mm) (c) h = 2.03 m (hmodel = 17.7 mm)

3 m away from the hanging wall, just clipping the foot wall edge of the foundation. Again, the
foundation experiences rotation (see Fig. 11) before mobilisation of the final mechanism (the
single shear plane) after which time the foundation translates with the hanging wall giving no
further rotation. The rotation angles plotted in Fig. 11 were calculated using a least squares,
straight line fit to a plot of foundation settlement against position for each image taken (each
corresponding to a different fault displacement) shown in Fig. 13. Figure 13 also shows that
there was only a slight bending of the flexible foundation.
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Fig. 11 Foundation rotation against fault throw (all tests)

The foundation rotation and soil localisation for the flexible foundation was qualitatively
very similar to the rigid one for all magnitudes of fault throw investigated. However, the final
rotation of the foundation was 1.4◦ for the flexible foundation compared to 2.0◦ for the rigid
foundation. Some of this difference might be explained by the slight difference in foundation
breadth (B=10 m in test 14; B=9.43 m in test 22) or because of the slight curvature of the
flexible foundation.

The similarity between the results for the rigid and flexible foundations suggests that the
kinematic restraint of the rigid foundation alone was not governing the location of the fault
outcropping in the presence of the foundation—the fault could have outcropped through
the flexible foundation but emerged on the footwall side. This suggests it is the foundation
pressure which has cause the fault deviation (either in terms of additional work input to the
system when displacing the foundation, or due to the increased stresses in the soil beneath
the foundation). Further work is required to confirm this finding.

4.5 Effect of footing geometry (B, s) on fault-rupture–footing interaction

To examine the generality of the above results and to give additional test cases for validation
of the accompanying numerical analysis (Anastasopoulos et al. 2008), two further centri-
fuge model tests were performed. In the first (test 18) the fault was placed B/2 further from
the hanging wall, whilst in test 20 the foundation breadth, B was increased to 25 m (giving
B/H=1).

4.5.1 Effect of footing position

Four images captured during test 18 are shown in Fig. 14. As in previous tests, an initial
steep localisation forms (‘S1’ in Fig. 14a), but with this foundation position, the shear plane
extents to the surface by a displacement, h=1.28 m (Fig. 14b) and appears to dip above the
vertical near the soil surface (as observed by Cole and Lade 1984, albeit without a founda-
tion). However, for a larger fault throw a second shear plane forms (‘S2’ in Fig. 14c) and the
final image is shown in Fig. 14d.

The foundation rotation is plotted against fault throw in Fig. 11. When h<1 m, the foun-
dation response is similar to that for the equivalent foundation 5 m nearer the fault (test

123



Bull Earthquake Eng (2008) 6:585–605 599

(a)

(b)

(c)

S1

S2

S1

S2

Fig. 12 Digital images captured during flexible foundation test (test 22, B=9.43 m; s=3.2 m; q=91 kPa)
(a) Fault throw, h = 0.63 m (hmodel = 5.4 mm) (b) h = 0.81 m (hmodel = 7.1 mm) (c) h = 1.52 m (hmodel =
13.2 mm)

14). However, when h>1 m, the foundation rotation increases more quickly with respect
to fault displacement than previously and a 3 m fault throw produces a foundation rotation,
θ = 6.4◦ (compared to θ = 2.1◦ when the foundation is 5 m closer to the fault) which is still
increasing with fault throw. The fastest increase of foundation rotation with respect to increas-
ing fault throw occurs with h=1.4 m where rotation continues at approximately 3.4◦/m (or
dθB/dh ≈ 0.59).

The difference in foundation response between tests 18 and 14 is that in test 18, the shear
plane S1 continues to be active once shear plane S2 has formed and S2 is convex because
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Fig. 13 Vertical settlement profile across the foundation during flexible foundation test (test 22)
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Fig. 14 Digital images captured during offset foundation test (test 18; B=10 m; s=8.3 m; q=91 kPa) –
foundation 5 m to the left of test 14 (a) Fault throw, h = 0.59 m (hmodel = 5.1 mm) (b) h = 1.28 m (hmodel =
11.2 mm) (c) h = 1.49 m (hmodel = 13.0 mm) (d) h = 1.98 m (hmodel = 17.2 mm)

of the large fault deviation required. Results from PIV from images taken at h=1.37 m to
h=1.56 m (i.e. around the displacement for the image shown in Fig. 14c) are used to show
the incremental displacement vectors (Fig. 15a) and incremental maximum shear strain con-
tours (Fig. 15b) when dθB/dh is greatest. The incremental deformation mechanism shown
in Fig. 15 confirms that both S1 and S2 are active, but that there is little shear outside these
zones. The block within the two shear planes is rotating clockwise and may also be subject
to a small amount of shear. The foundation is resting on this block and thus also continues
to rotate clockwise. This mechanism is facilitated by the weight of the foundation and might
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Fig. 15 Measured incremental soil displacements and shear strain for h=1.37–1.56 m (�h = 0.19 m)
(h/H = 5.5%; �h/H = 0.76%). Offset foundation (test 18) (a) Incremental displacement vectors (a) contours
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be considered as a partial bearing capacity failure due to the reducing support of the hanging
wall deformation mechanism S1.

The difference in both foundation and soil response between tests 14 and 18 has revealed
that the position of the foundation will have significant influence on the interaction between
the fault and the foundation. Further investigation is needed to study the response of foun-
dations in a wide range of positions.

4.5.2 Footing breadth

For test 20, the foundation breadth, B=25 m (B/H=1) and the free-field fault position,
s/B=0.44. The results from this test can be compared with those from test 14 which had the
same loading conditions but a narrower foundation B=10 m (B/H=0.4).

The digital images captured during test 20 are shown as Fig. 16. As in the previous tests,
an initial steep localisation forms (Fig. 16a) before a second localisation is formed on the
footwall (Fig. 16b) which finally propagates to the soil surface (Fig. 16d). The second locali-
sation emerges at the ground surface just to the left of the foundation for the final mechanism

123



602 Bull Earthquake Eng (2008) 6:585–605

(a) (b)

(c) (d)

S1S2
S1

S1S2S1S2

Fig. 16 Digital images captured during wide foundation test (test 20; B=25 m; q=91 kPa; s=10.9 m) (a)
Fault throw, h = 1.00 m (hmodel = 8.7 mm) (b) h = 1.52 m (hmodel = 13.2 mm) (c) h = 1.99 m (hmodel =
1.73 mm) (d) h = 3.04 m

with a very low dip angle near the foundation corner. This involves a 10.9 m deviation of the
fault towards the foot wall from the free-field case. The response differs also to that of test 14
because larger fault throws are required to propagate the shear planes: h=1 m for appreciable
mobilisation of S1 (Fig. 16a); h ≈ 2 m to propagate S2 to the soil surface (Fig. 16c).

Incremental soil deformations calculated using PIV are shown in Fig. 17 for h ≈ 1.9 m
(Fig. 17a, b) and h ≈ 3 m (Fig. 17c, d). Both shear planes are clearly active when h ≈ 1.9 m
with S1 undergoing more shear strain than S2 (Fig. 17b). By a fault throw, h ≈ 3 m, Fig. 17d
shows that shear plane S1 is almost inactive and that nearly all fault displacement is taken
up in shear plane S2.

The rotational response of the foundation (Fig. 11) shows that the foundation rotation is
increasing even when h=3 m. At this stage, the single shear plane (‘S2’ in Fig. 16d) is not
simply dividing a rigidly translating hanging wall (with the foundation resting on it) from
the footwall as in the previous tests. Instead, deformation of the soil beneath the founda-
tion or elsewhere on the hanging wall due to the convexity of the localisation must provoke
continuous foundation rotation.

5 Discussion and implications for design

The results of the centrifuge model tests have confirmed the findings of field observations:
heavily loaded foundations can deviate earthquake faults away from the foundations. Hence,
it is possible to design foundations that will not undergo damage due to fault rupture under
such conditions.

For the case of normal faulting, the fault deviation appears to be due to the bearing pressure
rather than the kinematic restraint of the foundations: a flexible foundation behaved almost
identically to a rigid foundation. The bearing pressure will increase stresses in the soil beneath
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Fig. 17 Incremental displacement vectors and shear strain contours during the wide foundation test (test 20)
(a) Incremental vectors from h = 1.74 m to h = 1.99 (�h = 0.25) (b) Contours of incremental γmax for
h = 1.74 m to h = 1.99 (�h = 0.25) (c) Incremental displacements for h = 2.83 m to 3.04 m (�h = 0.21 m)
(d) Contours of incremental γmax for h = 2.83 m to 3.04 m (�h = 0.21 m)

both increasing shear strength and stiffness and suppressing dilation. In addition, downwards
displacement of the foundation adds input work to the system and thus mechanisms which
cause foundation settlement (such as deviation of the fault to the footwall side of the foun-
dation) are advantaged.

The results shown here have shown that the interaction between the faults and the founda-
tion is subtle and sensitive to the foundation breadth, bearing pressure and position relative
to the fault. All foundations investigated in this test series deviated the fault emergence
from beneath the foundation, but each foundation underwent different amounts of (gener-
ally rigid body) rotation. This rotation may be enough to damage or destroy the supported
structures.

For design is it is expected that single narrow heavily loaded foundations are more likely
to deflects faults, but a number of isolated individual foundations supporting a structure may
lead to rupture between foundations. A wide raft foundation may gently smooth out the fault
displacements but a significant depth of soil is needed compared to the foundation width to
deflect a fault. Further investigation is required to understand the phenomena sufficiently to
develop general design methods.

Finite element analysis may prove an effective design tool. However, this requires the
development of robust, yet accurate numerical approaches. The data herein can be used to
validate such numerical modelling.
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6 Conclusions

The interaction between normal faulting and shallow foundations in drained soils has been
investigated for the first time in the geotechnical centrifuge. A series of model tests combined
with digital image analysis has found that:

• The propagation of a fault in free-field conditions was similar to that observed by previ-
ous researchers. There was progressive localisation of shear deformation from the base
of the soil layer up to the ground surface. Once this localisation reached the soil surface,
there was no further deformation of the soil remote from the shear plane.

• Heavily loaded foundations deviated earthquake faults away from the foundations, thus
confirming field observations.

• A flexible foundation was also able to deviate the earthquake fault suggesting that it was
the bearing pressure, not the kinematic restraint of the rigid foundation that caused the
fault rupture deviation.

• Despite deviating the faults, all foundations underwent significant rotation whilst the
final fault-rupture mechanism was developing. This rotation appeared to be reduced with
increasing bearing pressures.

• For most of the foundations investigated, the fault deviated to the footwall side of the
foundation, and once the fault throw was large enough to propagate this rupture to the
ground surface, this resulted in no further rotation of the foundation. The foundation
simply translated rigidly on the hanging wall which was displacing at the dip angle.
However, this did not occur when the footwall edge of the foundation was far from the
base discontinuity. This required a final fault with a low dip angle (and a convex shear
plane) which provoked continued foundation displacement even for large fault throws.

• Finally, the position of the fault relative to the foundation appeared critical to the interac-
tion response. Hence, a range of possible fault positions should be considered in design
if the fault position is uncertain.
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