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1. Introduction

Batter piles, also called inclined or raked piles, are widely used
in civil engineering constructions where substantial lateral re-
sistance is required. However, many building codes or standards
like AFPS 1990 [1] and Eurocode-8 [2] do not recommend the use
of batter piles in seismic regions. Although less conservative, codes
like ACI318-05 and ACI318-11 recommend to pay attention to the
potential damages at the junction of the batter piles and the su-
perstructure. The main drawbacks of the batter piles often men-
tioned by engineers are the following: large forces induced onto
the pile cap, reduction in bending capacity due to the axial forces,
unfavorable rotation on the cap and residual bending moment due
to the soil settlement before the earthquake [3]. Several case his-
tories, for example, the wharf failure in the port of Oakland in 1989
during the Loma Prieta earthquake and the port of Los Angeles in
1994 during the Northridge earthquake reveal the unsatisfactory
performance of batter piles.

However, recent studies show that batter piles can have a po-
sitive performance. As reported by Gazetas and Mylonakis [4],
batter piles, if properly designed, can play a beneficial role both for
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the structure they support and the piles themselves (reduction of
the bending moments in the piles). Research studies from Pender
[5] and Berrill et al. [6] also suggest important beneficial effects
from batter piles. The argument about whether the use of batter
piles in seismic regions is detrimental or beneficial is therefore still
unsettled. In 2004, Harn [7] pointed out that the poor performance
of batter piles in past earthquakes may due to the lack of knowl-
edge and analytical tools. Using displacement based design, ad-
vanced numerical tools and appropriately detailed batter piles can
result in significant project savings.

Several experimental studies on the performance of batter piles
in the static domain have already been performed. From 1972 to
1995 Meyerhof and his colleagues conducted experimental cam-
paigns (reduced model scale at 1 g) to investigate the bearing
capacity of batter piles in soils [8–14]. They proposed an empirical
equation to predict the ultimate strength of batter piles under
arbitrary load combinations (horizontal and vertical forces). With
the development of the centrifuge modeling technique, static tests
on batter piles have also been performed on reduced scale models
[15–19]. It was observed that batter piles in general increase the
horizontal resistance of the foundations.

Centrifuge dynamic tests on batter piles are relatively rare.
Escoffier et al. [19] performed centrifuge tests on pile foundations
in dry sand by applying a horizontal impact loading on the pile cap
with a magnetic hammer. Two pile groups were studied: a 1�2
(two piles in one row) vertical pile group and a 1�2 pile group



Nomenclature

Roman symbol

SSPSI Seismic Soil-Pile-Superstructure Interaction
Mj Martinique Jara earthquake (Jara station EW)
Nr Northridge earthquake (Tarzana station 090)
Kb Kobe earthquake (DAI8-G, N43W)
C.G. center of gravity of superstructure
IS inclined (batter) pile group with short superstructure

VS vertical pile group with short superstructure

IT inclined (batter) pile group with tall superstructure

VT vertical pile group with tall superstructure

P7 one pile in the 1�2 pile group, on the ‘Porte’ side
P8 one pile in the 1�2 pile group, on the ‘Pivot’ side
BS base shear force acted on the foundation
OM overturning moment acted on the foundation
RBM residual bending moment
RBMmax maximum residual bending moment
RBMP7 residual bending moment on pile P7
RBMP7 max,VS maximum residual bending moment on pile P7 in

vertical pile group with short superstructure
M total bending moment
MP7 total bending moment on pile P7
MP7 max,VS maximum total bending moment on pile P7 in ver-

tical pile group with short superstructure
N axial force in the pile
NP7 axial force in pile P7
NP7 max,VS maximum Axial force in pile P7 in vertical pile group

with short superstructure
z depth below ground surface
D external diameter of pile
Dpile center-to-center distance between piles
with one batter pile. Two pile bearing conditions (floating and end
bearing) were considered. The tests indicated a more complicated
translation-rocking mode for the inclined pile group. Its stiffness
was found higher and the resulting movement smaller than that of
the vertical pile group. In both groups, the center of rotation of the
cap was near the vertical face of the pile cap towards the front pile
side. In terms of bending moment profiles, the presence of the
batter pile resulted in a decrease of the maximum bending mo-
ment below the soil surface in both piles. In addition, the influence
of the batter pile on the maximum bending moment at the pile
cap interface seemed to be negligible in the front pile, whereas it
resulted in an increase of the maximum bending moment in the
rear pile. For the batter pile group, the compression load in the
front pile and the tension load in the rear pile were increased by a
factor of 1.7 and 2.0, respectively.

In 2012, Escoffier [20] performed dynamic centrifuge tests on
batter piles. The dynamic loads were applied using an earthquake
simulator [21] at the bottom of the model. As in the previous
study, two configurations (a 1�2 vertical pile group and a 1�2
pile group with one batter pile and end-bearing pile configuration)
were studied using earthquake time histories. The results of the
seismic tests showed that the batter pile resulted in an increase of
the response frequencies corresponding the translation-rotation
mode at the pile cap and reduced by two times the maximum
horizontal acceleration of the cap. The analysis of the bending
moments and axial loads in the piles indicated that with the batter
pile, larger residual bending moments were developed and the
direction of the axial loads in the piles did not change. Escoffier
reported that for batter pile foundations the residual bending
moments cannot be ignored in the evaluation of the performance
of batter piles.

Okawa et al. [22] performed centrifuge tests on pile groups
embedded in loose sand. The first was a 2�4 pile group composed
of 8 vertical piles and the second a 2�4 pile group with 4 batter
piles with an inclination of °10 and 4 vertical piles. A short su-
perstructure was placed on the footing to study both kinematic
interaction and inertial effects. The presence of batter piles de-
creased the horizontal acceleration amplitude at the footing and
the superstructure. Larger axial forces were observed in the batter
piles.

Boland et al. [23,24] performed dynamic centrifuge tests with
two models (named SMS02 and JCB01) constructed as a
2

generalization of the pile supported wharf structures common at
the Port of Oakland (POOAK), the Port of Los Angeles (POLA) and
the Port of Long Beach (POLB) in California. In terms of maximum
moments, results clearly showed an increase (from 1.4 to
3.9 times) in recorded pile moments when all vertical piles were
used for nearly identical input base accelerations. The shear forces
within the batter pile heads were greater (9–20 times) than those
recorded in the vertical piles for the same dynamic event. Without
batter piles, the shear forces in the vertical piles and the wharf
displacements increased significantly [25].

Juran et al. [26] conducted a series of centrifuge tests on ver-
tical and batter micropile groups. The tests showed that with in-
creasing inclination angle the natural frequency of the network
system increased. Compared with vertical piles, a reduction of 40%
of the response in terms of acceleration of the superstructure (pile
cap) was observed when batter piles were used. In general, in-
creasing the pile inclination resulted in smaller pile cap displace-
ments, and larger axial forces and bending moments in the piles at
the pile cap connections.

Giannakou et al. [27,28] studied numerically, in the time do-
main, the performance of batter piles. Both soil and batter pile
groups were modeled using linear elastic constitutive models. Five
inclinations were considered. The authors found that for seismic
loadings and purely kinematic conditions, the negative reputation
(larger bending moments and axial forces) of batter piles was
more-or-less confirmed. However, when the total response was
considered (kinematic and inertial response of the structural sys-
tem), their influence can be beneficial. Among the different para-
meters studied, the performances of batter piles in terms of dis-
placements, bending moments and axial forces depend on the
ratio of the overturning moment versus the shear force trans-
mitted to the piles from the superstructure.

Shahrour and Juran [29] performed numerical analysis of the
seismic behavior of a micropile system containing batter micro-
piles. It was found that the inclination of the micropiles allowed an
effective mobilisation of their axial resistance, leading to an in-
crease in the stiffness and a reduction in both shear forces and
bending moments.

This paper presents a comprehensive experimental seismic
centrifuge program on the performance of batter piles in order to
better understand their behavior. Several important factors are
studied such as Seismic Soil-Pile-Superstructure Interaction
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(SSPSI), the influence of the height of the Gravity Center of the
superstructure (C.G.) and of the base shaking signal characteristics.
All tests have been performed at 40 g centrifugal gravity level.
Short (squat) and tall (slender) superstructures were used in order
to study the influence of the inertial loading from different types
of superstructure on the performance of batter piles. A symmetric
configuration of batter piles with a °15 inclination is adopted and
results are compared to those of a vertical pile group. For both
configurations, rigid connections were imposed at the pile heads
through a stiff pile cap. The different behaviors of the two con-
figurations under dynamic excitations are analyzed and discussed.
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Fig. 1. Frequency representations (prototype scale) of the base shaking signals:
(a) Martinique Jara, (b) Northridge earthquake and (c) Kobe earthquake.

Table 1
Fontainebleau sand NE34: material properties.

Soil emin emax e Dr (%)

Fontainebleau NE34 0.51 0.866 0.58 80%

Note: e: void ratio; Dr: relative density, = −
−
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max min
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2. Experimental set-up

2.1. Base shaking signals—selection of real earthquakes

Two of the main objectives of the experimental campaign are
to determine the response frequencies of the soil-pile-super-
structure system and to evaluate the performance of batter piles
when subjected to multiple-frequencies of base shaking. With this
in mind, three different earthquakes were selected. The first two
earthquakes are the Northridge (Tarzana station 090) and the
Martinique (Jara station EW) records. Both are broad-band fre-
quency range, see Fig. 1(a) and (b). The use of these two earth-
quakes should enable the determination of the natural frequency
of the soil-pile-superstructure system. The third signal is a re-
cording of the Kobe earthquake (DAI8-G, N43W). Most of the en-
ergy of this signal comes from frequencies below 2.0 Hz, see Fig. 1
(c), lower than the prior response frequencies of both the soil
column and the soil-pile-superstructure system.1 In order to be in
the capacity range of the shaker [21], these three earthquake
signals have been filtered to be within the frequency range of 0.5–
8.75 Hz (20–350 Hz at the model scale). According to the different
purposes of the tests and the capacity of the shaker [21], earth-
quake signals are often scaled down, which will be introduced in
Section 2.3.

2.2. Build of the centrifuge models

The main elements of the physical centrifuge models are the
soil deposit with controlled homogeneous density, the piles in-
strumented with strain gauges, the stiff pile caps and the super-
structures. Accelerometers and laser sensors were also installed to
record the behavior of the soil-pile-superstructure system.

2.2.1. Properties of the experimental set-up components: sand, piles,
pile caps, superstructures and pile groups

The properties and design considerations of each component
are introduced hereafter. Dense dry Fontainebleau sand (NE34)
was used in all tests and put in place with an air pluviation
technique (relative density of about 80%). The material properties
of Fontainebleau sand are listed in Table 1. The model piles were
made of aluminium alloy and had a hollow section. They were
instrumented with strain gauges, which enabled the determina-
tion of the bending moment profile and the axial stress at different
depths. The pile heads were rigidly connected together through
stiff pile caps, which induced rotational restraint [30]. The pile
caps for both vertical and batter piles were made of two alumi-
nium alloy pieces to ensure an easy assembly with bolts after the
sand pluviation. The reason for doing this is to avoid the
1 From previous series of dynamic centrifuge tests, the natural frequencies of
the soil column and the soil-pile-superstructure system are about 3.5 Hz and
2.0 Hz, respectively.

3

“shadowing effect” of the pile cap during the air pluviation process.
Fig. 2 shows the assembly of the batter piles and the pile cap. It can
be noticed that the piles were connected with a thin plate before
the assembly. Its role was to provide a temporary support to the
piles during the sand pluviation process. Table 2 gives the char-
acteristics of the piles and the pile cap in model and prototype
scales.

The lateral resistance of the pile cap can significantly increase
due to the friction between the soil and the cap, especially when
the pile cap is embedded beneath the ground surface, [31–34]. In



Fig. 2. Assembly of batter piles and pile cap pieces.

Table 2
Characteristics of the piles and of the pile cap.

Item Model scale 40 g Prototype scale 1 g

Pile-embedded depth 326.5 mm 13.06 m
Pile-external diameter 18 mm 0.72 m
Pile-bending stiffness 197 N m2 505 MN m2

Pile-yield strength 245 MPa 245 MPa
Pile cap-dimensions 140 mm�40 mm�40 mm 5.6 m�1.6 m�1.6 m
Cap-weight 5.5 N 331.24 kN

Fig. 3. Geometrical characteristics of the batter pile and the vertical pile groups
(prototype scale).

Mass block

Column

Base

Fig. 4. Short and tall superstructures used in the experiments.
order to avoid soil-cap interaction, the piles were designed to
stand at a certain distance above the ground surface, see Fig. 3. The
gap between the pile cap and the ground surface is 28 mm at
model scale (1.12 m at prototype scale). The spacing of the piles,
i.e. the center-to-center distance between the piles, was 4 times
the diameter of the piles (4D) for both pile group configurations.
Floating pile group configurations were considered. In order to
study the influence of the height of the Gravity Center of the su-
perstructure (C.G.) on the responses of the pile foundations, two
types of single degree of freedom superstructures were used, i.e. a
short and a tall superstructure. Both superstructures were de-
signed to have:

� the same resonant frequency under fixed base conditions,
4

� the same top mass weight,
� the same total weight of the whole foundation-superstructure

system.

Fig. 4 shows the two superstructures. They were made of
three parts: the top mass, the supporting column and the base.
The top mass was made from brass, the column and the base
from aluminium alloy. The base was designed in a way to provide
a fixed connection with the superstructure. After the super-
structure installation, the base together with the pile cap con-
stituted an enlarged new foundation, Fig. 5. The frequency of the
fixed-based building was designed to be 2.0 Hz. Due to the 1.12 m
distance between the pile cap and the soil surface, after the in-
stallation of superstructure, the height or the gravity center of the
top mass was thus increased. The foundation superstructure
system can be idealized using lumped masses, see Fig. 5. Since
the column supporting the building cannot be regarded as
weightless, according to Harris and Piersol [35], approximately
23% of the mass of the column should be included in the top mass
while the rest 77% goes to the base. The gravity center of the pile
foundation, Hcap, is 1.92 m (including the gap between the pile
cap and the soil surface); the gravity center Hmass of the building
was measured from the ground surface. The detailed character-
istics of the pile foundations with short and tall superstructures
are listed in Table 3.



Fig. 5. Foundation-superstructure discretization.

Table 3
Main characteristics of the pile foundations with short and tall superstructures.

Short Tall

Model scale
40 g

Prototype 1 g Model scale
40 g

Prototype 1 g

Top mass weight 0.85 kg 54.40 tonne 0.84 kg 53.67 tonne
Foundation mass
weight

0.20 kg 12.80 tonne 0.34 kg 21.85 tonne

Total weight 1.05 kg 67.20 tonne 1.18 kg 75.52 tonne
Height of C.G.
Hmass

128.0 mm 5.12 m 211.0 mm 8.48 m

Height of C.G.
Hcap

48.0 mm 1.92 m 48.0 mm 1.92 m

Frequency of
building

81.0 Hz 2.03 Hz 80.4 Hz 2.01 Hz

Fig. 6. Position of the piles in the ESB container.
2.2.2. Experimental procedure: preparing the sand-pile system
Fontainebleau sand with 80% relative density was used for the

soil pile system. The homogeneity of the sand deposit was con-
trolled with the air pluviation technique. In centrifuge tests, the
methods to install the piles are different from the engineering
practice (where batter piles are installed into the soil by driving).
Escoffier et al. [19] discussed the influences of the different ways of
pile installation on the final response.

The following method was adopted in this experimental study.
First, all piles were fixed and maintained to their precise positions
in the Equivalent Shear Beam (ESB) container [36,37] at 1 g. Ver-
tical shear rods were attached to the bottom of the container to
provide complimentary shear stresses, see Fig. 6. Then the sand
was filled by air pluviation from the bottom up to the level of the
ground surface. A temporary sustaining system was used to
maintain the pile group during pluviation, composed of an alu-
minium plate,2 two steel rods and thin plastic wires,3 see Fig. 6. All
pieces in the temporary supporting system had to be thin enough
to minimize the “shadowing effect” during sand pluviation.4 After
pluviation, the pile cap was installed onto the pile head by tigh-
tening the bolts with a dynamic torque screwdriver. Finally, the
superstructure was installed onto the top of the pile cap.

Sensors were installed to record the movement of the soil-pile-
2 The thin aluminium plate was used to maintain the inclination angle of °15 .
3 The steel rods and the plastic wire were used to minimize the impact on the

piles. When the sand surface was about 5 cm higher than the tips of the piles, the
wires were cut to free the pile tips. After the sand surface arrived at the prescribed
height, the pluviation stopped and the steel rods were removed.

4 Shadowing effect: during sand pluviation the presence of items can influence
the falling of sand into the container and thus affect the homogeneity of the sand
deposit.

5

superstructure system. Their configuration (arrangement) in the
centrifuge model is shown in Fig. 7. The acceleration of the soil
column was tracked by a vertical array of accelerometers,
CH03∼CH09, which located away from the piles. Comparison of
the measured maximum accelerations and displacements with
those from the free field tests5 showed that these measured ac-
celerations are representative of the free field condition and were
not influenced by the pile group. The movements of the pile cap
and of the superstructure were monitored by accelerometers
CH10∼CH13. Furthermore, three high speed laser sensors were
used on the superstructure. Several accelerometers were attached
on one side of the container in order to capture the response of the
container.

2.3. Experimental procedure: program and test repeatability

For each pile foundation superstructure configuration, 18
earthquake inputs were used, see Table 4. The Arias intensities
[38] are shown in Fig. 8. The first two small earthquakes were used
to estimate the frequency response of the soil-pile-superstructure
system. The last two small earthquakes were used to study the
dynamic responses of the different pile configurations after ex-
treme earthquake events. In order to verify the repeatability of the
experimental results, some tests were performed twice. Fig. 9
provides an example of the results for two identical tests per-
formed on the batter pile group with tall superstructure. Results
indicate a good repeatability.
5 The free field tests were performed previously.



Fig. 7. Configuration of the sensors in the centrifuge tests (at model scale in mm).

Table 4
Applied sequences of the real earthquake signals.

No. Excitations Seismic signal Attenuation (dB) PGA (m/s2) Arias intensity (m/s)

Test 1 1, 2, 3 Martinique Jara �1 0.9 0.2
Test 2 4, 5, 6 Northridge �20 1.35 0.2
Test 3 7, 8, 9 Northridge �9 4.79 2.43
Test 4 10, 11, 12 Kobe �4 3.83 3.51
Test 5 13, 14, 15 Martinique Jara �1 0.9 0.2
Test 6 16, 17 ,18 Northridge �20 1.35 0.2

Note:
1. Martinique Jara earthquake is abbreviated to Mj; Northridge earthquake is abbreviated to Nr; Kobe earthquake is abbreviated to Kb.
2. Values of PGA (peak ground acceleration) and Arias Intensity are in prototype.
3. Attenuation refers to the reduction of the signal strength and is represented in decibels (dB)—calculated as 20 times the logarithm (base 10) of the output divided by the
input.

Fig. 8. Arias intensities.
3. Definitions, assumptions

Several definitions and assumptions concerning the analysis
and interpretation of the experimental results are introduced in
this section.
6

3.1. Pile names definition

In the dynamic centrifuge tests, there is no front or rear pile as
the sign of the loading changes. Piles are named hereafter P7 and
P8 refering to their positions: the pile close to the “Porte”, on the
right-hand-side, is called P7 and the pile close to the “Pivot”, P8 see
Fig. 10.

3.2. Residual, dynamic and total bending moment

During an earthquake event, due to permanent soil deforma-
tions and the influence of the superstructure, embedded pile
foundations may move from their initial position. Permanent lat-
eral displacements may occur at the pile head and along the pile,
see Fig. 11. The residual bending moment is defined as the dif-
ference between the bending moment at the beginning and at the
end of the earthquake event, see Fig. 12. As shown in the same
figure, the total bending moment can be decomposed into two
parts: a dynamic and a residual part.
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Fig. 9. Results of the 12th Kobe �4 dB strong earthquake, batter piles with tall
superstructure (prototype scale): (a) responses of the top mass; (b) residual
bending moment and (c) total bending moment.

Fig. 10. P7 and P8 piles in the batter and vertical pile groups.

Soil surface

Shear wave

Initial position Final position
Bending moment

Fig. 11. Residual lateral displacements.
3.3. Accumulation effect

It was observed during the tests that successive earthquake
events influence the residual bending moment. However, if the
same earthquake signal is applied 3 times, the evolution or the
“accumulation” effect is found limited. Furthermore, the last small
earthquakes do not induce new residual bending moments. Fig. 13
shows for example the evolution of the residual bending moment
of the batter pile group with tall superstructure under different
earthquake events.

3.4. Rotation (rocking) and horizontal displacement (translation) of
the pile cap

In the experiments, the responses of the pile cap and the
7

superstructure are monitored by sets of accelerometers as shown
in Fig. 14. The vertical accelerations of the pile cap are recorded by
the sensors CH12 and CH13. The horizontal accelerations of the
pile cap and the superstructure are measured by the sensors CH10
and CH11, respectively. The sensor CH09 is far enough away from
the pile foundation and it is used to capture the acceleration near
the soil surface. The rotation of the pile cap can be derived from
CH12 and CH13. The relative translation of the pile cap with re-
spect to the soil surface is obtained by calculating the difference
between the displacement of the pile cap and the displacement of
the soil surface. The displacement time histories are obtained by
double integration [39] of the measured acceleration time his-
tories, the accuracy of the double integration is validated [40] by



Fig. 12. Total, dynamic and residual bending moments.

Fig. 13. Accumulation of residual bending moment—batter pile group with tall
superstructure (results of P7, prototype scale): (a) residual bending moment under
the Northridge �9 dB earthquake, events 7, 8 and 9; and (b) evolution of the re-
sidual bending moment during all the 18 earthquake events.

Fig. 14. Illustration of the response of the pile cap.
the laser sensors (L128, L134 and L135)6 installed near the su-
perstructure, see Fig. 7. Due to the frequency range of the accel-
erometers, the residual part of the rotations and the displacements
cannot be monitored. Therefore, the displacements and rotations
calculated from the measured accelerations represent only the
dynamic components.

3.5. Overturning moment and total horizontal force (base shear)

The overturning moment (OM) and the base shear force (BS)
are calculated from the inertia forces generated by the mass of the
superstructure and the base using Eqs. (1) and (2).
6 In the tests, laser sensors only measured the absolute displacements of the
superstructure and it is difficult to determine the relative displacements of the
superstructure with respect to ground surface. Therefore, the relative displace-
ments of the superstructure with respect to ground surface are determined by pair
of accelerometers.

8

= + ( )M u H M u HOM " " 1mass mass mass cap cap cap

= + ( )M u M uBS " " 2mass mass cap cap

where Mmass and Mcap are the masses, Hmass and Hcap the C.G. and
u"mass and u"cap the measured accelerations at the top mass and at
the pile cap, respectively. The overturning moments and hor-
izontal forces are calculated only from the measured horizontal
accelerations, no other forces are considered.

3.6. Representative values

According to Table 4, each earthquake was applied 3 times.
Nevertheless, it was observed that experimental data (such as
acceleration, bending moment and axial force) recorded from the
3 successive identical inputs were similar, see Fig. 15 for example.
This may due to the high density of the sand used in the experi-
ments that limits the evolution of the behavior of the soil-pile-
foundation system. The maximum values obtained during the
three same earthquake events are chosen as the representative
values (conservative approach).

From the experimental results it was also found that for both
batter and vertical piles, bending moments (residual and total) and
axial forces measured in pile P7 are higher than (or equal to) those
measured in P8 (this is may due to the first loading direction). The
maximum response in pile P7 is therefore considered as the re-
presentative value.

3.7. Data normalization—interpretation of the results

In order to evaluate the performance of the batter piles and the
influence of the superstructures they support, cross comparisons
were made between the different configurations. The percentage
of increase ( > )P 0% or decrease ( < )P 0% of a measured quantity
due to the use of batter piles is calculated using Eq. (3).

=
−

( )
( )

P
Q Q

Q
in %

3
max I max V

max V

, ,

,

where P is the performance index of the batter piles, Q max I, and
Q max V, the measured quantities on the batter and vertical pile
configurations, respectively. In this way, results obtained on one
configuration (batter pile group with tall or short building) are
normalized with respect to the corresponding vertical pile group
with the same superstructure. Coloured bars are used to represent
the performance index P, see for example Fig. 16. A positive value
corresponds to a negative behavior of the batter pile (symbol ⊖)
compared to the vertical one; the symbol ⊕ indicates a beneficial
behavior. In addition, maximum values obtained for the vertical
pile groups are indicated on the top of the figure. In Fig. 16 for



Fig. 15. Results of the Nr �4 dB strong earthquake, batter piles with tall super-
structure, events 7, 8 and 9 (results of P7, prototype scale): (a) acceleration history
at the top of superstructure (b) total bending moment and (c) axial force.
example, batter piles have a negative effect especially when they
support a tall superstructure. Another different normalization rule
is adopted for the stress profiles in the piles. Among all the pile
configurations, the vertical piles with the short superstructure
(VS) is selected as the reference configuration. The stress profiles
are thus all normalized with respect to the maximum value re-
corded on the referenced configuration. The maximum value on
the reference configuration is chosen regardless the location
where it appears along the pile (either at pile head or other
locations).

3.8. Zero initial stress state

In the tests, for both vertical and batter piles, the possible initial
pile stresses (bending moments and axial forces) generated during
Fig. 16. Example of the normalized Residual Bending Moment (RBM) in prototype scale
referred to the web version of this article.)
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the air pluviation, the assembling of the pile cap and the spinning
up of the centrifuge were not measured. Therefore, the analysis of
the performance of the batter piles is based on the assumption
that the initial pile stresses are zero. Furthermore, since both the
short and tall superstructures are designed to have approximately
the same total weight, the initial states for all pile configurations
are assumed identical. Although the inclination of piles may in-
duce differences, this effect is not taken into account.
4. Performance of batter piles considering Seismic Soil-Pile-
Superstructure Interaction (SSPSI)

In this part, the results are presented at the prototype scale
unless otherwise mentioned. It has been checked that the per-
formance of the container did not influence the frequency of the
ground motions (almost the same frequency response of the
container and the soil column).

Under seismic loading, piles that support superstructure are
subjected not only to the kinematic interaction but also to inertia
interaction. The inertial loads coming from the superstructure can
significantly influence the behavior of the pile foundations [28]. In
return, the behavior of the superstructure is influenced by the
movement of the piles (Seismic Soil-Pile-Superstructure Interac-
tion (SSPSI)). The following section provides the main results of
the experimental campaign focused on the behavior of batter and
vertical piles under SSPSI and put in evidence, among others, the
significant influence of the superstructure and the characteristics
of the base shaking signal on the performances of both batter and
vertical piles.

4.1. Frequencies

The first two small earthquakes (6 base shaking events) were
used to evaluate the frequency response of the different pile group
configurations (IS: batter (inclined) - small building, VT: vertical -
tall building etc., see Table 5). For this, transfer functions are cal-
culated from the accelerations measured on the top of the super-
structure (CH11) or at the pile cap (CH10) and those measured
near the soil surface (CH09). The estimated corresponding fre-
quencies are listed in Table 5. For all cases, soil-structure interac-
tion decreases the superstructure's natural frequency when com-
paring with fixed-based conditions (2.0 Hz). The percentage of
decrease for configuration IS, VS, IT and VT are �3%,�10%�15%
and �19%, respectively.

The presence of batter piles reduces the effect of SSPSI on the
frequencies, especially for the configuration with a short building.
This is due to the fact that batter piles contribute to a higher
horizontal stiffness. For the case of short and tall superstructures
installed on batter piles, frequencies are 0.14 Hz and 0.08 Hz
. (For interpretation of the references to colour in this figure legend, the reader is



Table 5
Frequencies of the different pile configurations.

Configurations Natural frequency of the super-
structure (Hz)

Natural frequency of the
pile cap (Hz)

(calculated by
CH
CH

11
09

) (calculated by
CH
CH

10
09

)

IS 1.94 6.28

VS 1.80 4.26

IT 1.70 7.12

VT 1.62 5.30
higher than for the vertical pile groups. An increase of the height
of C.G. decreases the frequency response of the superstructure for
both pile group configurations (�0.24 Hz and �0.18 Hz for the
batter and the vertical pile group, respectively). This effect is more
pronounced for the batter pile configuration.

The presence of a superstructure modifies also the response of
the pile cap. Previous tests without superstructures have shown
that the frequencies of the batter and vertical pile groups are
10.6 Hz and 6.0 Hz, respectively. When introducing a short or a tall
superstructure with similar rigid base frequency on batter piles,
the frequency of the pile cap is found decreased (from 10.6 Hz to
6.28 Hz and from 10.6 Hz to 7.12 Hz, respectively).

4.2. Displacements and rotations of the pile cap

The maximum displacements and rotations of the pile cap are
shown in Figs. 17 and 18, respectively. The pile cap movement is
crucial as it is often used in design criteria. Looking at the pile cap
maximum horizontal displacements, batter piles play a beneficial
role both for short and tall superstructures. These results are in
accordance with previous results [26,28,27]. This performance is
influenced by the characteristics of the base shaking signal and the
height of the superstructure. However, these tests show that the
beneficial influence is more pronounced for the short super-
structure (30–50%) than for the tall one (8–34%), except for the Kb
�4 dB earthquake (whose frequency content is below the fre-
quency responses of the total system (soil, piles, superstructure)).
Giannakou et al. [27,28] pointed out that the performance of batter
pile depends on the ratio of the overturning moment versus the
shear force transmitted to the piles from the superstructure. In
terms of pile cap displacement, the beneficial role of batter piles is
more highlighted for the case of short superstructure with small
ratio of overturning moment (OM) to base shear (BS). The ratios of
overturning moment to base shear for different configurations are
summarized in Table 6. It can be concluded from the experimental
results that short superstructure has small ratio of overturning
Fig. 17. Normalized maximum displaceme
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moment to base shear which is shear force dominant; and tall
superstructure has overturning moment dominant inertial force
with larger ratio of overturning moment to base shear, see Table 6.

In terms of maximum rotations (Fig. 18), the performance of the
batter piles is influenced by the base shaking characteristics (fre-
quency content and amplitude) and the type of the superstructure.
For small earthquakes, batter piles induce a higher rotation at the
pile cap level. This effect is more pronounced for the configura-
tions with a tall superstructure (except for the last small North-
ridge event). This result is in accordance with the conclusions of
Giannakou [27] from linear elastic finite element simulations. This
may due to the shear interface stiffness along batter piles is less
than the vertical pile cap rotational stiffness. For stronger earth-
quakes however, batter piles have almost no effect for the case of a
tall superstructure or only a slightly beneficial role when a short
superstructure is supported. This effect may due to the more im-
portant nonlinear behavior of the soil developed during strong
earthquakes.

4.3. Total base shear

The normalized maximum total base shear forces for all the
different configurations and earthquake events are shown in
Fig. 19. For a short superstructure, batter piles play a beneficial role
as they reduce the maximum total base shear. Again, this bene-
ficial role depends however on the frequency content and the
amplitude of the base shaking signal. In particular for strong
earthquakes, the reduction is less pronounced (�35% for the small
Northridge earthquake against �20% for the large Northridge
earthquake). For a tall superstructure, the use of batter piles can be
detrimental or beneficial depending on the frequency of the
earthquake and its amplitude. Its beneficial influence is more
important for strong earthquakes. In general, the positive role of
batter piles is more pronounced for the case of a short super-
structure with small ratio (about 3–5, see Table 6) of OM/BS (ex-
cept for the 4th Kb earthquake).

4.4. Total overturning moment

Results are summarized in Fig. 20. Batter piles play a beneficial
role as they reduce the maximum total overturning moments
(�11 to �55%). As before, this beneficial role seems more pro-
nounced for the case of a short superstructure with small ratio of
OM/BS. The reduction is �14 to �55% when short superstructure
is supported against �11 to �25% for a tall superstructure (except
for the 4th Kb earthquake).

4.5. Stresses in piles

In this section, the “generalized” stresses along the piles
(bending moments and axial forces) resulting from the combined
nts of the pile cap (prototype scale).



Fig. 18. Normalized maximum rotations of the pile cap.

Table 6
Ratios of overturning moment to base shear for the different configurations.

Configurations 1. Mj
�1 dB

2. Nr
�20 dB

3. Nr
�9 dB

4. Kb
�4 dB

5. Mj
�1 dB

6. Nr
�20 dB

IS 4.13 3.70 4.67 4.22 4.04 3.64

VS 3.90 3.44 4.35 4.60 3.81 3.36

IT 7.06 6.46 6.57 6.86 5.89 6.21

VT 8.33 9.19 6.95 6.91 8.59 7.48
kinematic and inertial interactions are analyzed and discussed.
The envelope curves of the maximum stresses and the normalized
peak values are compared for the different pile groups and su-
perstructure configurations.

4.5.1. Residual bending moments
Fig. 21 shows the accumulated residual bending moment pro-

files along the piles for successive earthquake events. The presence
of batter piles influences the shape of the profiles inducing in
general a “C” and not the “S” shape profile obtained for vertical pile
groups. For both pile group configurations, the height of the su-
perstructure affects the depth of the maximum residual bending
moment. For a short superstructure, batter piles increase this
depth from 4D to 6D during the first two small earthquakes. This
depth however remains unchanged during and after the strong
earthquakes.

Concerning the maximum values of the residual bending mo-
ment, as shown in Fig. 22, batter piles have a detrimental effect
regardless the type of the supported superstructure. However, the
height of the superstructure, the base shaking characteristics and
the loading history influence the effect of the batter piles. Once the
residual bending moment was developed during the strong
Fig. 19. Normalized maximum total ba
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earthquakes, the subsequent small earthquakes cannot induce
additional residual bending moments. This detrimental behavior is
more pronounced when a tall superstructure is supported , except
for the strong 3rd Northridge earthquake.

4.5.2. Maximum bending moments
Fig. 23 shows the normalized maximum bending moment

profiles. Because of the presence of the residual bending moments,
the curves for subsequent earthquakes are dragged and distorted
in an asymmetric way. As a consequence, a “C” shape is still no-
ticeable for the batter pile group. However, it is difficult to pre-
cisely describe the shape of the bending moment envelope curves
for the vertical pile group. In general, the maximum values of the
total bending moments for the vertical pile group are equally
important below and above the soil surface. It is also observed that
batter piles result in a reduction of the bending moment at the pile
head. This observation is not in accordance with the results ob-
tained on micropiles by Juran et al. [26] where higher bending
moments were found at the pile head connections. This difference
may due to the different superstructure configurations. In the tests
performed by Juran et al. [26], only a pile cap was considered as a
superstructure. However, in this paper, two more slender (short
and tall) superstructures are used. It may also due to a different
ratio of pull out resistance over bending moment resistance of the
pile (the micropiles used by Juran had lower bending moment
resistance).

Fig. 24 presents the normalized maximum total bending mo-
ments. In general, batter piles reduce the maximum total bending
moment. This effect is more pronounced for the case of a short
superstructure with a small ratio of OM/BS. When a short super-
structure is supported, the performance of batter piles seems to be
not influenced by the frequency content of the base shaking sig-
nals. For the case of a tall superstructure, the performance of
batter piles is influenced by the base shaking characteristics.
se shear forces (prototype scale).



Fig. 20. Normalized maximum total overturning moments (prototype scale).

Fig. 21. Normalized residual bending moment profiles (normalized by the vertical pile bending moment): (a) Mj �1 dB (b) Nr �20 dB (c) Nr �9 dB (d) Kb �4 dB (e) Mj
�1 dB (f) Nr �20 dB. z is the depth below ground surface.
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Fig. 22. Normalized maximum residual bending moments (prototype scale).

Fig. 23. Normalized maximum bending moment profiles (normalized by the vertical pile bending moment): (a) Mj �1 dB (b) Nr �20 dB (c) Nr �9 dB (d) Kb �4 dB (e) Mj
�1 dB (f) Nr �20 dB. z is the depth below ground surface.
4.5.3. Axial forces
Since only 3 strain gauges were used to measure the axial force,

it was not possible to identify the axial force profiles. The
13
maximum total axial force is discussed hereafter (no important
residual effects were observed). The distance between the bottom
of the pile cap and the soil surface remained almost the same



Fig. 24. Normalized maximum total bending moments (prototype scale).
before and after the test, no obvious relative displacement was
observed in the axial direction. According to Nazir and Nasr [41], in
dense sand, within a small range of axial displacement, piles did
not exceed their axial capacities. Similar to the total bending
moments, batter piles often reduce the maximum axial force
(Fig. 25). This effect is however relatively small (most of the time
less than 30%) and is influenced by the frequency content and the
amplitude of the base signal. For the case of a tall superstructure,
the beneficial role of batter piles is less influenced. This reduction
effect of batter piles on the axial forces could due to the presence
of the superstructures, since it has been shown in Sections 4.3 and
4.4 that, in general, the batter pile-superstructure systems attract
less base shear forces and overturning moments.
5. Overall behavior

The overall experimental behavior of batter and vertical pile
foundations with short and tall superstructures under successive
earthquake excitations can be summarized as follows:

1. The presence of batter piles contributes to a higher horizontal
stiffness (comparing to the vertical pile configuration) and thus
causes an increase of the corresponding frequencies.

2. An increase of the height of the center of gravity (C.G.) of the
superstructure amplifies the influence of the Seismic Soil-Pile-
Superstructure Interaction (SSPSI) on the frequency response
for both pile group configurations. The influence of the C.G. is
more pronounced for batter piles.

3. Batter piles decrease the horizontal pile cap displacements. This
effect is influenced by the characteristics of the base shaking
signal and it is more pronounced for short superstructures.

4. Batter piles tend to induce higher pile cap rotations for small
earthquakes, especially for tall superstructures. This may due to
the shear interface stiffness along batter piles is less than the
Fig. 25. Normalized maximum a
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vertical pile cap rotational stiffness. However for strong earth-
quakes batter piles play a beneficial role in decreasing the pile
cap rotations, especially for short superstructures. This effect
may due to the more important nonlinear behavior of the soil
developed during strong earthquakes.

5. Batter piles tend to decrease the total overturning moment and
the total base shear, especially for short superstructures.

6. The use of batter piles induces higher residual bending mo-
ments. This detrimental performance is more pronounced for
tall superstructures. Batter piles also influence the shape of the
residual bending moment profiles.

7. Batter piles reduce the total bending moment. This beneficial
performance is not so much influenced by the characteristics of
the base shaking signal for the case of short superstructures.

8. Batter piles reduce the axial forces. This effect is probably due to
the batter pile-superstructure systems that attract less base
shear forces and overturning moments. This beneficial effect is
less influenced by the characteristics of base shaking signal for
the case of tall superstructures.

In general, batter piles supporting short superstructures i.e.
where inertial shear forces dominate, seem to have a more sig-
nificant beneficial effects.
6. Conclusions

In this paper, an experimental dynamic centrifuge modeling
campaign is presented to study the behavior of pile foundations
considering Seismic Soil-Pile-Superstructure Interaction (SSPSI).
This study enriches the database of the effect of batter piles on the
seismic response of pile group. The influence of the height of
gravity center on the performances of batter piles is highlighted.
Cross comparisons are carried out to investigate the performance
of different pile foundations with vertical or batter piles, short or
xial forces (prototype scale).



tall superstructures and various earthquake loadings. Although the
use of batter piles seems to have in general a positive effect in
terms of displacements and total forces, it is found that the per-
formance can vary depending on the characteristics of the base
shaking signal and of the height of the center of gravity of the
supported superstructures.

This paper extends the work of Li et al [42] to more general real
earthquake loading and the results confirm the conclusions that
batter piles are likely to have beneficial performance. In addition,
these beneficial effects are more often observed for batter piles
with a short superstructure. In order to be able to predict the
beneficial or detrimental behavior of vertical and batter pile
foundations, simplified numerical models based on the macro-
element approach [43,44] have been recently developed to simu-
late the nonlinear behavior of pile foundations.

The initial stress state of the batter piles could also significantly
influence their performance, which should attract attentions in
future experimental and numerical campaigns.
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