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Abstract

This paper presents a thorough study of the behavior of inclined micropiles under seismic loading. Analysis is carried out using a full three-
dimensional ®nite element modeling. The soil media is assumed to be elastic with Rayleigh damping, while micropiles are modeled as 3D
elastic beam elements. The structure is described by a single degree of freedom system composed of a concentrated mass and a column. The
paper is composed of four parts. The ®rst part includes a literature survey on the behavior of inclined micropiles. The second part presents the
numerical model used in this study. The third part concerns analysis related to the in¯uence of micropiles inclination on the seismic behavior
of a group of micropiles embedded in a homogeneous soil with a uniform stiffness. The last part deals with the seismic behavior of inclined
micropiles embedded in a soil layer with a depth-based increasing stiffness. The results of this study provide valuable information about the
in¯uence of micropiles inclination on dynamic ampli®cation and on the seismic-induced internal forces in micropiles.
q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of micropiles in seismic retro®tting or in new
construction in seismic zones requires a thorough analysis
of the seismic-induced response for groups of micropiles
with inclined elements. As a matter of fact, as the stiffness
and resistance of vertical micropiles to lateral loading is
generally small, the use of inclined micropiles presents a
potential alternative to withstand inertial forces and to
ensure stability of the foundations system under seismic
loading.

Use of micropiles in seismic area suffers from code
restrictions issued on piles. The seismic role of inclined
piles has been considered detrimental based on several
research-based arguments such as: (i) inclined piles may
induce large forces to the pile cap, or (ii) if inclination is not
symmetric, permanent rotation may develop due to the
varying stiffness of the pile group in each direction.
According to the French recommendation (AFPS[1]),

the use of inclined piles in seismic zone is prohibited
whereas soil reinforcement could contain inclined elements.
The seismic Eurocode EC8 indicates that inclined piles
should not be used for transmitting lateral loads to the soil,
but in any case, if such piles are used they must be designed
to safely carry axial as well as bending loading (Eurocode
EC 8[2]).

As reported by Gazetas and Mylonakis[3], in recent
years evidence has been accumulating that inclined piles
may, in certain case, be bene®cial rather than detrimental
both for the structure they support and the piles themselves.
One supporting evidence to this issue was noted during the
Kobe earthquake. It was noted that one of the few quay-
walls that survived the disaster in Kobe harbor was a
composite wall relying on inclined piles, conversely, the
near wall, supported on vertical piles, was completely
devastated. Furthermore, centrifuge tests and pseudo-static
analysis carried out by Juran et al.[4] showed that pile
inclination contributes to: (i) a decrease in both the pile cap
displacement and bending moment at the pile-cap connec-
tions and (ii) an increase in the axial force.

This paper attempts to analyze the in¯uence of micro-
piles inclination on their response to seismic loading.
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Analysis is conducted using a full three-dimensional ®nite
element analysis (FEM) with PECPLAS ®nite element
program[5,6]. The results obtained in this study provide
interesting information about the in¯uence of micropiles
inclination on seismic response of the soil±micropile±
structure system. The ®rst part of the paper presents the
numerical model used in this study. The second part
presents analysis of the seismic behavior of micropiles
embedded in a homogeneous soil with a uniform stiffness,
while the last part presents similar analysis for micropiles
embedded in a soil with a depth-based increasing stiffness.

2. Numerical model

Numerical simulations were carried out using the ®nite
element program PECPLAS[5,6]. A global three-dimen-
sional approach is used for analysis of the micropiles±soil±
structure interaction. The superstructure is modeled as a
single degree of freedom system composed of a concen-
trated mass and a column, while 3D beam elements are used
to model micropiles. The behavior of the soil and structure
materials is assumed to be elastic with Rayleigh damping.
The damping matrix [C] results from a combination of the
mass and stiffness matrices

‰CŠ ˆ aM‰MŠ ‡aK‰KŠ …1†

whereaM andaK depend on the material damping. For the
ith mode, the damping ratioj i is related to the natural
frequencyv i by the following relation:

j i ˆ
aM

2v i
‡

aKv i

2
…2†

The seismic loading is applied at the base of the soil mass
as a harmonic acceleration. Lateral boundaries are placed at

a large distance from the micropiles in order to minimize
boundary effect as discussed in Ref.[6]. Periodic displace-
ment conditions are imposed at lateral boundaries of the soil
mass. Analysis is performed in the time domain using the
implicit Newmark time integration scheme.

This numerical model used in this study was checked on
a pile test conducted in a shaking table at Saitama
University [7]. The pile supports a superstructure with a
natural frequencyfst ˆ 7 Hz.Fig. 1shows the experimental
model and summarizes its geometrical and mechanical
properties. The soil behavior is assumed to be elastic with
Rayleigh damping. Analysis was performed with two values
of the damping factorj ˆ 10 and 12%. The damping
Rayleigh parametersaK and aM were determined from
Eq. (2) for the loading frequency…v ˆ v load†assuming an
equivalent contribution of the stiffness and mass matrices
for damping.Fig. 1bpresents a comparison of recorded and
computed accelerations of the pile at depthz ˆ 0:275 for
different values of the dimensionless frequencya0 ˆ
v Dp=Vs (v ; Dp and Vs denote the loading frequency, the
pile diameter and the velocity of the shear wave,
respectively).Fig. 1c compares measured and computed
amplitudes of strains along the pile for the dimensionless
frequency a0 ˆ 0:03: It can be observed that the ®nite
element program reproduces correctly the pile test.

3. Micropiles in a homogeneous soil (case 1)

3.1. Presentation

Analysis is ®rst performed on a group of four micropiles
embedded in a homogeneous soil layer underlined by rigid
bedrock (Fig. 2). The thickness of the soil layer is equal to
Hs ˆ 15 m. An elastic constitutive relation with Rayleigh
damping is assumed for the soil±micropiles±structure

Nomenclature

a0 ˆ v Dp=Vs
dimensionless frequency
acap acceleration at the cap level
ag amplitude of the seismic loading
ast acceleration at the superstructure mass level
f1 natural frequency of the soil layer
fload frequency of the seismic loading
fst natural frequency of the superstructure
mst mass of the superstructure
Ap micropile section
Dp micropile diameter
EpIp bending stiffness of micropiles
Es Young's modulus of soil
Hcap horizontal loading applied at the cap
Hs thickness of the soil layer

Hst height of the superstructure
Lp micropile length
N axial force
Nhead axial force at the head of micropiles
M bending moment
Hcap overturning moment applied at the cap
Mhead bending moment at the head of micropiles
S micropiles spacing
T shearing force
Thead shearing force at the head of micropiles
Vs shear wave velocity
a micropiles inclination with regard to the vertical

axis
ns Poisson ratio of the soil
v pulsation
j p damping ratio of the micropile
j s damping ratio of the soil
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Fig. 1. Veri®cation of the numerical model on a pile test conducted using a shaking table (After Makris et al.[7]).

M. Sadek, S. Isam / Soil Dynamics and Earthquake Engineering 24 (2004) 473±485 475



system. Analysis was carried out with the following
characteristics for the soil material: Young's modulus of
the soil Es ˆ 8 MPa, Poisson's Rations ˆ 0:45; damping
factor j s ˆ 5%: The fundamental frequency of the soil layer
is equal tof1 ˆ 0:67 Hz (4Vs=Hs; whereVs is the shear wave
velocity, Hs is the thickness of the soil layer).

Micropiles spacing ratio is equal toS=Dp ˆ 5; Dp denotes
the micropile diameter. The micropile length isLp ˆ 10 m,
its axial and ¯exural rigidities are, respectively,
EpAp ˆ 1100 MN andEpIp ˆ 0:85 MN m2. The structure
is modeled as a single degree of freedom system composed
of a concentrated massmst ˆ 40 ton, and a column with a
height Hst ˆ 1 m. Its ®xed base fundamental frequency is
equal tofst ˆ 1:36 Hz. Micropiles are connected to a cap
which is free of contact with the soil. The thickness of the
cap is equal to 0.3 m. The mechanical properties of the soil
and micropiles are summarized inTable 1.

The ®nite element mesh used in the numerical simu-
lations for inclined micropiles is shown inFig. 3. It includes
21,576 8-node elements and 34 3D-beam elements. Lateral

boundaries are placed at a distanceRl ˆ 60 m (240Dp)
from the central axis of the micropile-group in order to
minimize any boundary effect as discussed in Ref.[6].

The seismic loading is applied at the base of the soil mass
as a harmonic acceleration. The amplitude of the load is
ag ˆ 0:2 g, while its frequency…fload†is assumed to be equal
to the fundamental frequency of the soil layer
(f1 ˆ 0:67 Hz).

3.2. Group of vertical micropiles

Fig. 4 depicts the maximum horizontal acceleration and
internal forces induced in the group of vertical micropiles
due to seismic loading. The ampli®cation of the lateral
acceleration at the micropiles capacap=ag is equal to 13.7.
At the superstructure mass level, the ampli®cation of the
accelerationast=ag attains a value of 17.88. This value is
about 30% higher than…acap=ag† ratio. This value clearly
emphasis the necessity to take into account the
dynamic ampli®cation in the structure for any pseudo-
static analysis. In this case the maximum inertial
force induced by the seismic loading isFin ˆ 1430 kN
…Mstast†: At the micropiles cap level, it induces a
horizontal force …Hcap† ˆ 1430 kN and a moment
…Mcap† ˆ 1430 kN m. Note thatMcap ˆ FinHst; where Hst

is the structure height.
The pro®les of the maximum bending moment and

shearing force clearly show the presence of a high inertial
effect, which emerges in high values of internal forces in the
vicinity of the micropiles head. The pro®le of the bending
moment depicts two peaks. The ®rst one is induced at the
micropiles head (Mheadˆ 149 kN m), while the second
appears in the central part of the micropile
(Mcentral ˆ 12 kN m). The ratio between the maximum
bending momentsMhead and Mcenteal is equal to 12.5. The
pro®le of the axial force indicates a regular decrease with
depth. At the micropile head the axial force is equal to
Nheadˆ 943 kN. It is due to both the shearing force…Hcap†
and the moment…Mcap†induced by the inertial force. Since
Mcap induces at the head of each micropile an axial force
…NMcap† ˆ 572 kN m (Mcap=…2S††; the shearing force…Hcap†
causes a signi®cant axial force which is equal to 371 kN m.
This value presents about 40% of the maximum axial force
at the micropile head.

Fig. 4c shows the pro®le of the shearing forceT. It
indicates high values ofT in the vicinity of the cap, followed
by a sharp decrease with depth. The maximum shearing
force is induced at the head of the micropile

Fig. 2. Problem under consideration.

Table 1a
Properties of the soil material

Case Mass
density
(kg/m3)

Young's modulus Poisson's
ratio

Damping
ratio

Case 1: constant
stiffness

r s ˆ 1700 8 MPa ns ˆ 0:45 j s ˆ 5%

Case 2: depth-
increasing stiffness

r s ˆ 1700 Es…z† ˆ Es0
p…z†
pa

� � 0:5
ns ˆ 0:45 j s ˆ 5%

p…z† ˆ
…1 ‡ 2K0†gz

3

if z , z0; p…z† ˆ p…z0†
E0s ˆ 10 MPa;
pa ˆ 100 kPa

Table 1b
Properties of micropiles

Bending stiffness
(MN m2)

Axial stiffness
(MN)

Damping ratio Length
(m)

EpIp ˆ 0:85 EpAp ˆ 1100 j p ˆ 2% Lp ˆ 10
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…Thead† ˆ 355 kN. It is equal to 25% of the inertial shearing
force …Hcap†:

The ratio of the maximum axial stress due to the axial
force (Nhead=Ap; whereAp is the area of the micropile cross-
section) to that induced by the bending moment
(MmaxDp=…2Ip†; Ip is the inertial moment of the micropiles
section) is equal to 0.1. This ratio clearly indicates that
seismic loading causes severe bending at the micropiles
head, which may lead to failure at the cap-micropile
connection.

3.3. Group of inclined micropiles

Fig. 5 shows results obtained for a group of micropiles
with an inclination angle…a† ˆ 208 with respect to the
vertical axis. It can be observed that seismic-induced lateral
acceleration is smaller than that induced in the vertical
micropile case. The ampli®cation in the lateral acceleration
at the structure mass level is…ast=ag† 13.7, which is about
20% smaller than the one induced in the structure supported
by vertical micropiles.

Fig. 5b±d displays the maximum associated internal
forces in the micropiles. It can be observed that the
inclination of micropiles induces an important decrease in
the maximum bending moment at the head of micropiles.
Indeed the maximum bending moment is reduced to the
half compared to that obtained with vertical micropiles.
This decrease is due to both the inclination and the
reduction of lateral acceleration at the top of super-
structure, which induces lower momentMcap at the cap
level. On the other hand, inclination of micropiles induces
an important reduction in the shearing force and an
increase in the axial force at the micropile head. The
maximum shearing force is equal to 44 kN which is about
12.5% of that induced in vertical micropiles. The
maximum axial force at the micropile head is
…Nhead† ˆ 860 kN, which is close to that obtained with
the vertical micropile. The variation of the maximum axial

force for inclined micropiles presents trends, which are
different from that observed using vertical micropiles.
Indeed, the later indicates a regular decrease ofNmax with
depth, while the former shows ®rst an increase with depth
up to a peak value, that followed by a decrease. The
increase in the axial force is due to the lateral displacement
of the soil, which induces an axial component in the
micropiles. The peak of the axial force is equal to…Npeak†
1590 kN, which is 69% higher than that induced at the
micropile head. It is worth noting that the increase in the
axial force with depth is expected to be overestimated
because of the elastic constitutive relation used in this
study and the hypothesis of perfect cohesion between the
micropile and the soil.

The in¯uence of micropiles inclination on their natural
frequencies was investigated using the procedure proposed
by Gohl [8] and Tufenkjian and Vucetic[9]. The
acceleration response spectrum was determined using the
Fourier analysis of the free response of the group of
micropiles (Fig. 6a). Fig. 6b and cshows the spectra
obtained at the mass and cap levels. It can be noted that
these spectra present three peaks. The ®rst peak for both the
superstructure mass and cap accelerations is equal to the
fundamental frequency of the soil layer, which means that
the micropiles inclination does not affect the natural
frequency of the soil±micropile±structure system. Calcu-
lations performed with inclined micropiles for the loading
frequenciesfload ˆ 0:65 and 0.68 Hz con®rm this result
(Table 2). They show that ampli®cations corresponding to
these frequencies are lower than that obtained at the natural
frequency of the soil layer…fload ˆ f1†: The second peak for
the acceleration of the superstructure mass is equal to
1.28 Hz for both vertical and inclined micropiles, it
corresponds to the fundamental frequency of the ¯exible-
base-structure which is about 6% lower than that of the
®xed-base-structure (fst ˆ 1:36 Hz). This result indicates
that micropiles inclination affects slightly the natural
frequency of the superstructure.Fig. 6c shows that

Fig. 3. 3D mesh used in the analysis of the soil±micropile±structure system (21,576 8-node elements).
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Fig. 4. Response of a group of vertical micropiles to the seismic loading (case 1: uniform stiffness).
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Fig. 5. Response of a group of inclined micropiles…a ˆ 208†(case 1).
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the second peak of the acceleration of the affected by
micropiles inclination. It increases from 1.08 to 1.28 when
micropiles inclination augments from 0 to 208. This result
agrees with results of centrifuge tests reported by Juran et al.

[4], which indicate that the inclination of micropiles leads to
an increase in their lateral stiffness and consequently to an
increase in the natural frequency of the micropile-soil
system.

Fig. 7a±c and Table 3 summarize results of the
numerical simulations obtained for four values of
micropiles inclination namelya ˆ 0; 7, 13 and 208. For
convenience, internal forces will be presented in term of the
following dimensionless quantities:

² Axial force: …2N cos…a†Sp†=…mstastHst†:
² Shearing force:…T=Nhead†:
² Bending moment:…4M†=…mstastHst†:

Table 3 indicates that the increase in micropile
inclination from 0 to 208induces a regular decrease in the
ampli®cation of the lateral acceleration…a=ag†; which attains
16 and 23% at the cap and the superstructure mass,
respectively.

By further examination of Fig. 7a±c, it can be
observed that an increase in the micropiles inclination
causes a regular variation in the internal forces. In this
case, inclination induces an augmentation in the axial
force at the micropiles head as well as the formation of a
peak for inclined micropiles in their central part. The
in¯uence of the inclination is particularly signi®cant on
the distribution of the normalized shearing force in the
vicinity of micropiles head. It leads to a signi®cant
decrease with increasing the inclination of micropiles. The
in¯uence of micropiles inclination on the normalized
bending moment is observed in the upper part of
micropiles. The increase ina from 0 to 208 induces a
decrease of about 35% in the bending moment at the
micropiles head.

4. Soil with depth based-increasing stiffness (case 2)

4.1. Presentation

Since soil stiffness increases with depth, this section
presents FEM analysis related the behavior of inclined
micropiles embedded in a soil layer having a depth based-
increasing stiffness. The Young's modulus of the soil is
assumed to increase with depth according to the following

Fig. 6. In¯uence of micropiles inclination on the natural frequencies of the
soil±micropile system.

Table 2
Dynamic ampli®cation in the vicinity of the fundamental frequency of the
soil layer

Frequency At the structure level
…ast=ag†

At the cap level
…acap=ag†

fload ˆ 0:65 Hz 12.1 10.2
fload ˆ 0:68 Hz 13.4 11.2
fload ˆ fl (0.67 Hz) 13.7 11.5
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Fig. 7. In¯uence of inclination on the seismic response of the group of micropiles (case 1).

M. Sadek, S. Isam / Soil Dynamics and Earthquake Engineering 24 (2004) 473±485 481



relation

Es…z† ˆ Es0
p…z†
pa

� � 0:5

…3†

wherep denotes the mean stress due to the soil self-weight
which is expressed as

p…z† ˆ
…1 ‡ 2K0†gz

3
if z , z0; p…z† ˆ p…z0† …4†

where z denotes depth,pa is a reference pressure
(100 kPa),E0s designates the Young's modulus forp ˆ
pa; K0 is the coef®cient of lateral earth pressure at rest,z0
designates the thickness of the soil layer that is closest to
the surface, which is assumed to have a constant Young's
modulus. Numerical simulations were performed with
E0s ˆ 10 MPa, K0 ˆ 0:5; z0 ˆ 1 m. The variation of the
Young's modulus with depth is shown inFig. 8. It can be
observed that the soil stiffness of the soil layer is smaller
(for z , 39Dp) than the value assumed for the constant
soil-stiffness case. The natural frequency of the soil layer
was calculated according to the procedure used by Gohl
[8] and Tufenkjian and Vucetic[9]. It is equal to
f1 ˆ 0:43 Hz. It is worth noting that this value is smaller
than that obtained for the soil layer with uniform soil
stiffness (case 1,f1 ˆ 0:67 Hz).

The seismic loading is applied at the base of the soil mass
as a harmonic acceleration whose amplitude and frequency
are equal toag ˆ 0:2 g andfload ˆ 0.43 Hz…f1†: The ®xed
base fundamental frequency of the superstructure is
maintained tofst ˆ 1:36 Hz.

4.2. Groups of vertical micropiles

Fig. 9shows the in¯uence of the soil stiffness variation in
the soil layer on the overall response for the group of
vertical micropiles. It can be noted that the ampli®cation of
the acceleration in the superstructure for case 2…ast=acap ˆ
1:14†is smaller than that obtained in case 1…ast=acap ˆ 1:3†:

This result is due to the fact that the natural frequency of the
soil in case 1…fst=f1 ˆ 2† is closer to the superstructure
natural frequency than that in case 2…fst=f1 ˆ 3:1†: This
observation agrees well with those obtained by Shahrour
et al. [6].

Referring to Fig. 9, it can also be observed that the
distribution of the soil stiffness affects the axial force and
the bending moment pro®les. Indeed, the maximum bending
moment in case 2 exceeds by about 172% the peak bending
moment predicted for case 1. The in¯uence of the variation
in Es on the axial force is more moderate;Nmax in case 2 is
about 14% higher than that obtained in case 1. The increase
in the bending moment is due to the reduction of the soil
stiffness near the soil surface, which leads to an augmenta-
tion of the lateral soil deformation and consequently causes
higher bending moment in comparison with that obtained in
case 1. On the other hand, it can be noted that the in¯uence
of this variation on the shearing force distribution is
moderate. Its maximum values occurred at the head is
governed by the acceleration at the mass level (7% variation
between cases 1 and 2).

4.3. Group with inclined micropiles

Fig. 10andTable 4illustrate the in¯uence of inclination
on the seismic response of micropiles. Compared with the
homogeneous soil case, same trends are observed. The
lateral acceleration in the superstructure decreases with the
increase in the micropiles inclination. The augmentation of
the micropiles inclination from 0 to 208leads to a decrease
in …ast=ag†from 16.67 to 9.88 and to a decrease in…acap=ag†
from 14.61 to 10.14.

Table 3
In¯uence of the inclination on the seismic response of micropiles (case 1;
Es ˆ constant)

Inclination (a) 08 78 138 208

Cap:acap=ag 13.73 12.83 12.19 11.50
Mass:ast=ag 17.88 16.09 14.86 13.70
2NheadcosaSp

mstastHst

1.65 1.83 1.96 1.84

Thead

Nhead
0.38 0.23 0.15 0.03

4Mhead

mstastHst
0.42 0.39 0.38 0.27

Fig. 8. Pro®le of the Young's modulus for cases 1 and 2.
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Fig. 9. In¯uence of the soil stiffness pro®le on the response of a group of vertical micropiles to the seismic loading.
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Fig. 10a±cclearly shows that the increase in micro-
piles inclination strongly affects the distribution of
internal forces in micropiles. While the increase in the
micropiles inclination does not strongly affect the
maximum normalized bending momentMn; it causes an
increase in the normalized axial force from 2.01 to 4.44
(an increase of 220%) when the inclination increases from

0 to 208. The normalized shearing force (Fig. 10b) shows
a different trend pro®les. The maximum normalized
shearing at the head of micropiles decreases from 0.312
for vertical micropiles to 0.201 fora ˆ 78; and reaches a
value of 0.08 for a ˆ 208: For this inclination, the
maximum shearing force reaches a peak value of about
0.082 at depthz ˆ 7Dp:

Fig. 10. In¯uence of inclination on the seismic response of the group of micropiles (case 2).
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5. Conclusion

This paper utilizes a three-dimensional ®nite element
modeling to analyze the in¯uence of micropiles inclination
on their response to seismic loading. The study was
conducted for two cases, which concern micropiles
embedded in a homogeneous soil layer with a constant
stiffness and a soil layer with a depth based-increasing
stiffness.

Numerical simulations presented herein, show that
inclination of micropile improves micropile's perform-
ance with respect to seismic loading. The inclination
allows a better mobilization of the axial stiffness of
micropiles and consequently leads to a decrease in both

shearing forces and bending moment induced by seismic
loading.
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Abstract

This paper presents a study of the in¯uence of connection conditions at the head and tip of micropiles on their response to seismic loading. The
study is carried using a fully three-dimensional ®nite element modeling. The soil is assumed to be elastic with Rayleigh damping. The
superstructure is modeled by a single degree of freedom system composed of a concentrated mass and a column. The study is carried out for both
vertical and inclined micropiles. The results of analyses show that a pinned connection between the micropiles and the cap leads to a reduction in
the axial force and bending moment in micropiles, in particular for inclined micropiles. They also show that the embeddement of the tip of
micropiles in a stiff substratum layer leads to a dramatic increase in the internal forces in the micropiles.
q 2005 Elsevier Ltd. All rights reserved.

Keywords:Finite element; Fixity; Group; Inclined; Micropiles; Pinned; Seismic; Three-dimensional

1. Introduction

Micropiles systems present signi®cant advantages for the
construction in seismic areas, mainly ¯exibility, ductility and
capacity to withstand extension forces. Micropiles can be used
as foundation support of new structures as well as for seismic
retro®tting of structures, which have suffered seismic damage
[1±6]. Finite element analyses showed that the inclination of
micropiles leads to a better mobilization of the axial stiffness
and consequently to a decrease in the seismic-induced bending
moment and shearing forces[7]. These analyses were
conducted for micropiles soil assuming a fully ®xed connection
between the micropiles and the cap and a free tip. This paper
aims at analysing the in¯uence of the type of connection at both
the head and the tip of micropiles on their seismic performance.

Analysis of the seismic response of micropiles must
consider both the inertial and kinematic interactions. Indeed,
post-earthquake investigations and analytical and numerical
analyses show that damage of piles in seismic area results from
the inertial effect which is due to the interaction between
structure and pile foundation and from the kinematic effect

which results from the interaction between piles and soils
[8±12]. The latter is particularly signi®cant in layered soils
with strong discontinuities[13±15].

Methods based on Winkler model are generally used for the
analysis of the seismic response of pile foundations[16±18].
These methods are based on simpli®ed hypotheses of the soil
media, which permit to conduct analyses with little compu-
tation effort. More rigorous methods were also used to analyze
the seismic response of pile foundations, namely the boundary
element method[19,20]and the ®nite element method[21±23].
In this paper, analysis of the seismic response of micropiles is
carried out using a global three-dimensional ®nite element
modeling which includes in the same calculation soil,
micropiles, cap and structure. Consequently, it takes into
consideration both the kinematic and inertial interactions.
Numerical simulations were carried out using the ®nite element
program PECPLAS[24,25], which was checked on a pile test
conducted in a shaking table by Makris et al.[26]. Results of
the veri®cation are presented in[7].

The ®rst part of the paper discusses the in¯uence of the type
of connection between the micropiles and the cap on their
seismic performances. The in¯uence of the head ®xity
condition of piles on their response to lateral loading was
investigated using full-scale ®eld tests by Mokwa and Duncan
[27]. Experimental results showed that a fully ®xed-head
condition at the top of a group of laterally loaded piles can
result in incorrect estimates of the magnitude and the location
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of maximum bending moments. Since, the micropiles
resistance to ¯exure is very low, a reduction of the seismic-
induced bending moment in micropiles constitutes a major
issue for their use in seismic areas. In addition to the use of
inclined micropiles, this paper aims at studying the in¯uence of
a change in the connection condition at the head of micropiles
on their seismic performances.

The second part of the paper deals with in¯uence of the
embeddement of the tip of micropiles in a stiff layer on their
seismic performances. This case can be encountered when
micropiles are used in a soft soil overlaying a stiff substratum.
According to analyses presented by Kavvadas and Gazetas
[28], the use of vertical piles in layered soil with a high stiffness
contrast leads to a large increase in the bending moment and
shear forces near the layers interface. This issue is discussed for
both vertical and inclined micropiles.

2. Numerical model

This section deals with the analysis of the in¯uence of the
®xity condition between micropiles and the cap on the seismic
performance of a group of four micropiles embedded in a soil
layer underlined by rigid bedrock (Fig. 1). The thickness of the
soil layer (Hs) is equal to 15 m. The behavior of the soil is
assumed to be elastic with Rayleigh material damping. The
Young's modulus of the soil is assumed to increase with depth

according to the following relation:

Es…z†Z Es0
p…z†
pa

� � 0;5

(1)

where p denotes the mean stress due to the soil self-weight
which is expressed as:

p…z†Z
…1C 2K0†gz

3
if z! z0; p…z†Z p…z0† (2)

z denotes depth,pa is a reference pressure (100 kPa),Es0

designates the Young's modulus forpZ pa,; K0 is the
coef®cient of lateral earth pressure at rest,z0 designates the
thickness of the soil layer that is closest to the surface, which is
assumed to have a constant Young's modulus. Numerical
simulations were performed withEs0Z 10 MPa, K0Z 0.5,
z0Z 1 m. The Poisson's ratio of the soil is assumed constant
nsZ 0.45. The computed natural frequency of the soil layer is
equal tof1Z 0.43 Hz. The superstructure is modeled as a single
degree of freedom system composed of a concentrated mass
mstZ 40 ton, and a column with a heightHstZ 1 m. Its ®xed
base fundamental frequency is equal tofstZ 1.36 Hz.

Micropiles are modeled as 3D beam elements. They are
connected to the cap, which is assumed to be free of contact
with the soil. The thickness of the cap is equal to 0.3 m and its
mass is equal to 3 ton. Numerical simulations were conducted
with the following characteristics for micropiles: length
LpZ 10 m, diameter DpZ 0.25 m, axial stiffness

Fig. 1. Problem under consideration.

M. Sadek, I. Shahrour / Soil Dynamics and Earthquake Engineering 26 (2006) 461±468462



EpApZ 1100 MN, ¯exure stiffnessEpIpZ 0.85 MN m2 and
micropiles spacing ratioSp/DpZ 5. The mechanical properties
of the soil and micropiles are summarized inTables 1a and b.

Lateral boundaries are placed at a large distance from the
micropiles in order to minimize the boundary effect as
discussed in Shahrour et al.[29].

Calculations are conducted for both vertical and inclined
micropiles. The inclination of micropiles is equal toaZ 208
from the vertical axis. The ®nite element mesh used in
numerical simulations for the inclined micropiles is depicted in
Fig. 2. It includes 21,576 8-node elements and 34 3D-beam
elements.

The seismic loading is applied at the base of the soil mass as
a harmonic acceleration with an amplitudeagZ 0.2 g.

2.1. Numerical results

Calculation was ®rst carried out for zero structural mass in
order to analyze the in¯uence of the type of connection on the
kinematic response of the group of micropiles.Tables 2a and b
summarize results of computations conducted at the funda-
mental frequency of the soil layer (floadZ f1Z 0.43 Hz).
It shows that a pinned connection induces a moderate increase
in the dynamic ampli®cation at the cap (acap/ag), which is equal
to 4% for vertical micropiles and to 10% for inclined
micropiles. As expected, the pinned connection allows for an
important reduction in the bending moment in the micropiles.

This decrease is equal to 71% for vertical micropiles and to
83% for inclined micropiles. The pinned-connection leads also
to a signi®cant reduction in the axial forces in the vertical
micropiles (90%, regarding the ®xed-head connection) and to
an important decrease in the shearing forces in the inclined
micropiles (65%).

Results obtained with the mass of the superstructure
(mstZ 40 ton) at the fundamental frequency of the soil layer
(floadZ f1) are summarized inTables 3a and b. The comparison
of these results with those obtained with zero structural mass
shows that the mass of the superstructure leads to an important
increase in the dynamic ampli®cation at the cap of the vertical
micropiles, in particular with pinned-connection. For the latter,
the increase in the dynamic ampli®cation is equal to 46%; to be
compared with the value obtained with the ®xed-head
connection (34%). This result indicates that the inertial effect
for this example is signi®cant for vertical micropiles.

Analysis of computations conducted with inclined micro-
piles shows that the mass of the superstructure causes a
moderate increase in the dynamic ampli®cation at the cap
level. This increase is equal to 16% for pinned connection and
to 11% for the ®xed-head connection.

Table 1b
Properties of micropiles

Length (m) Diameter (m) Bending stiffness (MN m2) Axial stiffness (MN) Damping ratio

LpZ 10 0.25 EpIpZ 0.85 EpApZ 1100 xpZ 2%

Table 1a
Properties of the soil material

Mass density (kg/m3) Young's modulus Poisson's ratio Damping ratio

Soil with depth-increasing stiffness r sZ 1700 Es…z†Z Es0…p…z†=pa†
0;5 nsZ 0.45 xsZ 5%

p…z†Z …1C 2K0†gz
3 if z! z0; p…z†Z p…z0†

E0sZ 10 MPa
paZ 100 kPa

Fig. 2. 3D mesh used for the ®nite element analysis of the soil-micropile-
structure system with inclined micropiles (21576 8-node elements).

Table 2b
In¯uence the micropiles-cap connection on the seismic response of inclined
micropiles with zero structural mass (fZ f1; mst Z 0; mcapZ 3 ton)

Pinned-head Fixed-head

Dynamic ampli®cation at the cap (acap/ag) 10.0 9.1
Mmax (kN m) 23 133
Nmax (kN) 889 956
Tmax (kN) 18 52

Table 2a
In¯uence of the micropiles-cap connection on the seismic response of vertical
micropiles with zero structural mass (fZ f1; mstZ 0; mcapZ 3 ton)

Pinned-head Fixed-head

Dynamic ampli®cation at the cap (acap/ag) 11.3 10.9
Mmax (kN m) 18 62
Nmax (kN) 11 111
Tmax (kN) 18 19
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The in¯uence of the type of connection on the maximum
bending moment (Mmax) is moderate for vertical micropiles but
signi®cant for inclined micropiles. Indeed, regarding the ®xed-
head connection, the pinned-connection leads to a decrease of
16% in Mmax for vertical micropiles and to 77% for inclined
micropiles.

Tables 4a and bshow results obtainend for two additional
values of the loading frequency (¯oad/f1Z 0.5 and 2). Analysis
of these results shows that the pinned-connection in¯uences
moderately the bending moment in vertical micropiles, but it
leads to an important decrease in the bending moment in the
inclined micropiles (about 85%). These results agree with those
obtained at the fundamental frequency of the soil layer.

Figs. 3 and 4show the in¯uence of the type of connection on
the distribution of the maxima of the normalized internal forces

in the micropiles:

N� Z
2NSp

mstastHst
(3a)

M� Z
4M

mstastHst
(3b)

T� Z
T

Tcap
(3c)

For vertical micropiles, the maximum bending moment with
a pinned-connection occurs at a depthzZ 5Dp. It is equal to
M*Z 0.58, which is about 30% lower than that induced at the
top of ®xed-head micropiles. The maximum normalized axial
force decreases regularly with depth for both the pinned and
head-®xed connections. The maximum axial force (N*) with
pinned-connection is about 30% lower than that induced in
®xed-head micropiles.

For inclined micropiles, the maximum bending moment
…M�

max† for the pinned-head connection occurs at a depthzZ
3Dp. It is equal toM�

maxZ 0:19, which is about 22% of that
obtained with the fully ®xed connection. The pro®le of the
normalized axial force shows ®rst an increase with depth up to
peak atzZ 24Dp, ¯owed by a decrease. The maximum axial
force for pinned-head micropiles…N�

max† is about 10% lower
than that obtained with the full-®xed condition.

2.2. In¯uence of the type of connection at the tip of micropiles

2.2.1. Numerical model
This section deals with the in¯uence of the embeddement of

the micropiles tip in a rigid substratum on their seismic
response. The study is carried out for both vertical and inclined
micropiles assuming a fully ®xed connection between the
micropiles and the cap. The results obtained in the previous
section for micropiles with a free tip are compared to results
obtained for micropiles embedded in two layered soil as

Table 3b
In¯uence the micropiles-cap connection on the seismic behavior of inclined
micropiles (fZ f1; mstZ 40 ton;mcapZ 3 ton)

Pinned-head Fixed-head

Dynamic ampli®cation at the cap (acap/ag) 11.59 10.14
Dynamic ampli®cation at the mass of the
superstructure (ast/ag)

9.75 9.88

Mmax (kN m) 38 171
Nmax (kN) 1334 1500
Tmax (kN) 79 66

Table 3a
In¯uence of the micropiles-cap connection on the seismic response of vertical
micropiles (fZ f1; mstZ 40 ton;mcapZ 3 ton)

Pinned-head Fixed-head

Dynamic ampli®cation at the cap (acap/ag) 16.54 14.61
Dynamic ampli®cation at the mass of the
superstructure (ast/ag)

18.60 16.67

Mmax (kN m) 216 258
Nmax (kN) 741 1077
Tmax (kN) 374 336

Table 4b
In¯uence the micropiles-cap connection on the seismic behavior of inclined micropiles (mstZ 40 ton;mcapZ 3 ton)

floadZ 0.5 f1 floadZ 2f1

Pinned-head Fixed-head Pinned-head Fixed-head

Dynamic ampli®cation at the cap (acap/ag) 7.1 5.1 2.7 1.6
Dynamic ampli®cation at the mass of the superstructure (ast/ag) 3.89 3.88 1.0 0.83
Mmax (kN m) 8 55 3 21

Table 4a
In¯uence of the micropiles-cap connection on the seismic response of vertical micropiles (mstZ 40 ton;mcapZ 3 ton)

floadZ 0.5 f1 floadZ 2f1

Pinned-head Fixed-head Pinned-head Fixed-head

Dynamic ampli®cation at the cap (acap/ag) 9.7 8.3 8.2 6.6
Dynamic ampli®cation at the mass of the superstructure (ast/ag) 10.9 10.4 9.4 8.4
Mmax (kN m) 121 138 106 102

M. Sadek, I. Shahrour / Soil Dynamics and Earthquake Engineering 26 (2006) 461±468464



illustrated inFig. 5. The upper layer corresponds to that used in
the previous section (Tables 1a and b). The bottom layer is
composed of a soil that is stiffer than the upper soil with a
stiffness coef®cientEs0Z 1000 MPa, which is equal to 100
times of that of the upper layer. The embeddement of the
micropiles in the stiff layer is equal 4Dp. The natural frequency
of the layered soil is equal tof1Z 0.56 Hz, to be compared with
the natural frequency of the superstructurefstZ 1.36 Hz.
Calculations with the layered soil were carried out for a
harmonic acceleration applied at the base of the soil mass and
composed of 15 cycle with an amplitudeagZ 0.2 g and a

frequency floadZ 0.56 Hz which is equal to the natural
frequency of the layered soil.

3. Results

3.1. Vertical micropiles

Fig. 6 andTable 5summarize results obtained for vertical
micropiles with a free tip and for micropiles with a tip
embedded in the stiff layer. It can be observed that the
embeddement of the micropiles tip in a stiff layer greatly

0 0.25 0.5 0.75 1

0

8

16

24

32

40

Pinned-head

Fixed-head

4.M / (mst.ast.Hst)

x 
/ D

 p

mst = 40  tons

x

Lp

20!

0 2 4 6 8

0

8

16

24

32

40

(2.N.Sp.cosa) / (mst.ast.Hst)

x 
/ D

 p

(a) (b)

Fig. 4. In¯uence of the micropile-cap connection on the seismic response of inclined micropiles.
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Fig. 3. In¯uence of the micropiles-cap connection on the seismic response of vertical micropiles (a) normalized bending moment; (b) normalized axial force.
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affects their seismic response. The bending moment pro®le in
the layered soils shows two maxima. The ®rst one occurs at the
connection between the micropiles and the cap. It is equal to
M*Z 2.1, which is about four times that obtained for
micropiles with a free tip. The second maximum appears at
the interface between the two layers. It is also very high
compared to the bending moment in micropiles with a free tip.

The pro®le of the axial forces is depicted inFig. 6(b). It can
be observed that the embeddement of micropiles in a stiff layer
results in a large increase in the axial force. The axial force in
the upper layer is fairly constant, which means that the axial
force is mainly developed in the bottom layer. The axial force
at the head of micropiles is equal toN*Z 3.37, which is about
70% higher than that induced in the micropiles with a free tip.

Fig. 6(c) shows the pro®le of the shearing force. It is seen
that the embeddement of micropiles in a stiff layer results in a
large increase in the shearing force at the interface between the
two layers. The normalized shearing force at the interface is
equal toT*Z 0.488, to be compared to the shearing force at the
head of micropiles with a free tipT*Z 0.25.

3.2. Inclined micropiles

Fig. 7 andTable 6summarize results obtained for a group
of micropiles inclined 208 to the vertical axis. It is evident
that the embeddement of the inclined micropiles in a stiff
layer results in a dramatic increase in the internal forces. The
bending moment shows two maxima. The ®rst one occurs

Fig. 5. Group of vertical micropiles with a tip embedded in a stiff substratum.
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Fig. 6. In¯uence of the embeddement of the micropiles tip in a stiff layer on the seismic response of vertical micropiles. (a) Normalized bending moment;(b)
normalized axial force; (c) normalized shearing force.
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near the micropiles head, while the second is induced at the
interface of the two layers. The maximum bending moment
is equal to M*Z 20, to be compared with the maximum
bending moment in free-tip micropilesM*Z 0.9. The
maximum shearing force in the micropiles embedded in the
stiff layer is equal toT*Z 3.8, which is about 15 times of
that induced in the micropiles with a free tip. The maximum
axial force in the micropiles embedded in the stiff layer also
occurs at the interface between the two layers, with a value
N*Z 54, which is equal to about 27 times of that induced in
the micropiles with a free tip. The high value of the axial
force in micropiles with a tip embedded in the stiff layer
requires a risk assessment for buckling.

4. Conclusions

This paper included a three-dimensional ®nite element
analysis of the in¯uence of the ®xity conditions at the
micropiles head and tip on their seismic performances. The
study was conducted for both vertical and inclined
micropiles.

The results of numerical analyses show that a pinned
connection between the micropiles and the cap leads to a
reduction of the axial force and bending moment in the
micropiles. The reduction is more signi®cant for inclined
micropiles. For a group of four micropiles inclined 208to the
vertical axis, a pinned connection leads to a decrease of about
80% in the maximum bending moment.

The embeddement of the micropiles tip in a stiff layer leads
to a dramatic increase in the seismic-induced internal forces, in
particular at the interface between the two layers. The
maximum axial force for a group of four micropiles inclined
208to the vertical axis in a layered soil is abut 27 times of that
obtained in micropiles with a free tip. These ®ndings indicate
that the embeddement of the micropiles tip into stiff layer
should be avoided in seismic areas, in particular for inclined
micropiles.

Results presented in this paper were obtained assuming an
elastic-linear behavior for the soil. Since, severe seismic
loading induces plasticity in the soil-micropile system,

Table 5
In¯uence of the embeddement of the micropiles tip in a rigid substratum on the seismic response of vertical micropiles

Free tip Embedded tip

Dynamic ampli®cation at the cap (acap/ag) 14.61 15.91
Dynamic ampli®cation at the mass of the superstructure (ast/ag) 16.67 19.00
Mhead(kN m) 258 795
Nhead(kN) 1077 2049
Thead(kN) 336 445
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Fig. 7. In¯uence of the embeddement of the micropiles tip in a stiff layer on the seismic response of inclined micropiles.

Table 6
In¯uence of the embeddement of the micropiles tip in a rigid substratum on the
seismic response of inclined micropiles

Free tip Embedded tip

Dynamic ampli®cation at the cap (acap/ag) 10.14 4.26
Dynamic ampli®cation at the mass of the
superstructure (ast/ag)

9.88 1.95

Mhead(kN m) 159 554
Nhead(kN) 820 1076
Thead(kN) 38 328
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additional research is needed to analyze the seismic response
using elastoplastic constitutive relations for both the soil and
micropiles.
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SHORT COMMUNICATION

In¯uence of the soil±structure interaction on the fundamental
period of buildings

Louay Khalil§, Marwan Sadek� , ² , ³ and Isam Shahrour¶
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Villeneuve d'Ascq, F-59655, France

SUMMARY

This paper includes an investigation of the in¯uence of the soil±structure interaction (SSI) on the fun-
damental period of buildings. The behaviour of both the soiland the structure is assumed to be elastic.
The soil-foundation system is modelled using translational and rotational discrete springs. Analysis is ®rst
conducted for one-storey buildings. It shows that the in¯uence of the SSI on the fundamental frequency
of building depends on the soil±structure relative rigidity Kss. Analysis is then extended for multi-storey
buildings. It allows the generalization of the soil±structure relative rigidityKs to such complex structures.
Charts are proposed for taking into account the in¯uence of the SSI in the calculation of the fundamental
frequency of a wide range of buildings. Copyright 2007 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Building codes generally use the fundamental period of buildings to assess their response to
seismic loadings. This parameter is generally calculated using empirical formulas provided by
seismic codes. These formulas generally ignore the soil ¯exibility, which could drastically affect
the fundamental period of buildings and consequently theiroverall seismic response. On the basis
of measurements collected from buildings during earthquakes, Goel and ChopraT1Uconcluded
that in the case of shear-wall structures, empirical formulas such as those proposed by the Uniform
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Building CodeT2Uare inadequate. Through a series of micro-vibrations tests, Ghrib and Mamedov
T3Ucon®rmed the inadequacy of the fundamental period formula given by the National Building
Codes of CanadaT4Uor the Uniform Building CodeT2U, since they do not include the foundation
¯exibility.

The role of the soil±structure interaction (SSI) is usuallyconsidered bene®cial to the structural
system under seismic loading since it lengthens the lateralfundamental period and leads to higher
damping of the system. This conclusion could be misleading.Indeed, recent case studies and post-
seismic observations suggest that the SSI can be detrimental and neglecting its in¯uence could lead
to unsafe design for both the superstructure and the foundation especially for structures founded
on soft soilT5, 6U. Mylonakis and GazetasT6Ureported three cases of earthquakes (Bucharest 1977,
Mexico City 1985 and Kobe 1995) where SSI caused an increase in the seismic-induced response
of structures despite a possible increase in damping. They reported that Mexico earthquake was
particularly destructive to l0±12 storey buildings founded on soft clay, whose period increased from
about 1.0 s (assumption of a ®xed base structure) to nearly 2.0 s due to the SSI. Several authors
attempted to determine the in¯uence of the SSI on the seismic response of buildings. First studies
were conducted by Veletsos and MeekT7U, Veletsos and NairT8Uand BielakT9U. The ¯exible-base
period eT is evaluated from Velestos and MeekT7Ufor a structure with a surface foundation as
follows:

eT
T

D

s

1 C
k
ku

C
kh2

kh
(1)

whereT denotes the ®xed-base system period;ku andkh stand for the rotational and translational
springs,h and k designate the height and ¯exural rigidity of the structure,respectively. Similar
formula is recommended by the Building Seismic Safety Council T10U. On the basis of data recorded
on 57 building covering a wide range of structural and geotechnical conditions, Stewartet al. T11U
concluded that approaches proposed by Velestos and Bielak to predicteT/ T can reliably predict
the effect of inertial interaction but are limited to singledegree of freedom (SDOF) oscillators. The
objective of the present paper concerns the elaboration of asimple procedure for taking into account
the in¯uence of the SSI in the determination of the fundamental frequency of buildings. Analyses
conducted for both one-storey and multi-storey buildings for various geotechnical conditions allow
the construction of charts that give the fundamental frequency of a wide range of buildings in
terms of the relative soil±structure stiffness.

2. ONE-STOREY BUILDING

2.1. Numerical model

Analysis of the in¯uence of the SSI on the seismic response of buildings constitutes a
complex task, since it depends on multiple factors that affect the fundamental frequency of
buildings. In order to analyse this problem, the case study that will be ®rstly investigated con-
cerns one-storey buildings modelled as a reinforced concrete frame founded on a homoge-
neous elastic soil layer (Young's modulusD 50 MPa; densityD 20 kN/ m3; Poisson's ratioD 0.3;
shear wave velocityD 98 m/ s). This frame is composed of a slab supported by two reinforced
concrete square columns (Young's modulusD 32 000 MPa; densityD 24.5 kN/ m3) and based on
two isolated square footings(2.0 m� 2.0 m). The height of each column is 4.0 m and its cross
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Figure 1. Numerical model for one-storey buildings.

section is 0.53� 0.53 m2 (EI D 420 000 kN m2). Dimensions of the slab ¯oor are 5.0 � 5.0 m2 and
its thickness is equal to 0.3 m. Elastic beam elements are used to model the superstructure, while
the soil-foundation system is represented by the means of translational (horizontalKh and vertical
Kv) and rotational(Kh) discrete springs as illustrated in Figure 1. The rigiditiesof these springs
are evaluated from the following formulasT12U:

Kv D
Gs

(1 ! m)
bz

p
A, Kh D 2(1 C ms)Gsbx

p
A, Kh D

1 C ms

4
Gsbx(a2 C b2)

p
A (2)

a and b denote the dimensions of the footing;Gs and ms designate the soil shear modulus and
Poisson's ratio, respectively. The factorsbx andbz account for the geometry of the foundation(b/ a).
For the present case study, springs rigidities are equal toKv D 115 000 kN/ m; Kh D 100 000 kN/ m
and Kh D 100 000 kN m/ rd. Dynamic analyses were carried out using the ®nite element software
Effel. It gives a fundamental frequencyf D 7.23 Hz(T D 0.138 s) that differs about 18% from that
obtained for the ®xed model( fFB D 8.82 Hz) due to the SSI effect.

2.2. Soil±structure relative rigidity Kss

The fundamental frequency of a ®xed-base structurefFB under lateral loading depends on the
parametersEc, Ic and H which stand for Young's modulus, the moment of inertia of thevertical
resisting element and the storey height. The in¯uence of these parameters on the buildings funda-
mental frequency also depends on the SSI. For example, considering the reference case, the ratio
f / fFB decreases from 0.819 to 0.576 (decrease of 30%) when the inertia moment of the vertical
elements increases fromIc D 0.0135 to 0.135 m4. This difference is less signi®cant for a stiffer soil
with a shear wave velocityVs D 200 m/ s wheref / fFB decreases from 0.949 to 0.823 (decrease of
13%) for the same variation inIc. On the other hand and as indicated before, the in¯uence of the
SSI is taken into account through the rotational and translational springs (Equations (1)±(3)), which
are function of the soil shear wave velocityVs(D

p
Gs/ q) and the foundation areaA (q designates

the soil density). As a consequence, the fundamental frequency f could be expressed as:

f D F(Vs, H, Ec, Ic, A) (3)
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This equation shows that the fundamental frequency of the soil-foundation±structure system de-
pends on ®ve parameters that characterize the soil(Vs), the foundation( A) and the structure
(H, Ic, Ec). Note that the in¯uence of span length has been investigated prior to the present study
and was found insigni®cant. In the sequel, analyses are conducted for different values of in¯uential
parameters in order to identity a dimensionless factor representing the soil±structure relative rigid-
ity: Vs V98, 107, 140, 200, 250 and 300 m/ s (stiff soil); H V2, 4, 7, 10 and 13 mI Ec V20 000, 32 000
and 42 000 MPa;Ic V0.000139, 0.00135, 0.0131 and 0.1357 m4. Results of these analyses are sum-
marized in Table I. They were approximated using the following multilinear regression:

log( f / fFB) D A1 log(Vs) C A2 log(H) C A3 log(Ec) C A4 log( Ic) (4)

fFB designates the fundamental frequency of the ®xed-base structure (without SSI effect).

Table I. In¯uence ofKss on the fundamental frequency of one-storey buildings.

f / fFB Vs (m/ s) H (m) Ec (MPa) Ic (m4)

1 98 4 32 000 0.000139
1 107 4 32 000 0.000139
1 140 4 32 000 0.000139
1 200 4 32 000 0.000139
1 250 4 32 000 0.000139
1 300 4 32 000 0.000139
0.973 98 4 32 000 0.00135
0.976 107 4 32 000 0.00135
0.985 140 4 32 000 0.00135
0.995 200 4 32 000 0.00135
0.998 250 4 32 000 0.00135
0.999 300 4 32 000 0.00135
0.819 98 4 32 000 0.01315
0.833 107 4 32 000 0.01315
0.891 140 4 32 000 0.01315
0.949 200 4 32 000 0.01315
0.967 250 4 32 000 0.01315
0.976 300 4 32 000 0.01315
0.576 98 4 32 000 0.135752
0.589 107 4 32 000 0.135752
0.686 140 4 32 000 0.135752
0.823 200 4 32 000 0.135752
0.876 250 4 32 000 0.135752
0.908 300 4 32 000 0.135752
0.548 98 2 32 000 0.01315
0.584 107 2 32 000 0.01315
0.682 140 2 32 000 0.01315
0.804 200 2 32 000 0.01315
0.862 250 2 32 000 0.01315
0.896 300 2 32 000 0.01315
0.819 98 4 32 000 0.01315
0.833 107 4 32 000 0.01315
0.891 140 4 32 000 0.01315
0.949 200 4 32 000 0.01315
0.967 250 4 32 000 0.01315
0.976 300 4 32 000 0.01315
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Table I. Continued.

f / fFB Vs (m/ s) H (m) Ec (MPa) Ic (m4)

0.963 98 7 32 000 0.01315
0.983 107 7 32 000 0.01315
0.963 140 7 32 000 0.01315
0.983 200 7 32 000 0.01315
0.989 250 7 32 000 0.01315
0.993 300 7 32 000 0.01315
0.966 98 10 32 000 0.01315
0.972 107 10 32 000 0.01315
0.983 140 10 32 000 0.01315
0.992 200 10 32 000 0.01315
0.995 250 10 32 000 0.01315
0.996 300 10 32 000 0.01315
0.979 98 13 32 000 0.01315
0.985 107 13 32 000 0.01315
0.987 140 13 32 000 0.01315
0.994 200 13 32 000 0.01315
0.997 250 13 32 000 0.01315
1 300 13 32 000 0.01315
0.981 98 4 20 000 0.00135
0.985 107 4 20 000 0.00135
0.991 140 4 20 000 0.00135
0.996 200 4 20 000 0.00135
0.997 250 4 20 000 0.00135
0.998 300 4 20 000 0.00135
0.961 98 4 42 000 0.00135
0.967 107 4 42 000 0.00135
0.981 140 4 42 000 0.00135
0.991 200 4 42 000 0.00135
0.994 250 4 42 000 0.00135
0.996 300 4 42 000 0.00135
0.881 98 4 20 000 0.01315
0.899 107 4 20 000 0.01315
0.936 140 4 20 000 0.01315
0.968 200 4 20 000 0.01315
0.979 250 4 20 000 0.01315
0.985 300 4 20 000 0.01315
0.787 98 4 42 000 0.01315
0.814 107 4 42 000 0.01315
0.877 140 4 42 000 0.01315
0.936 200 4 42 000 0.01315
0.958 250 4 42 000 0.01315
0.969 300 4 42 000 0.01315
0.666 98 4 20 000 0.135752
0.699 107 4 20 000 0.135752
0.785 140 4 20 000 0.135752
0.878 200 4 20 000 0.135752
0.917 250 4 20 000 0.135752
0.939 300 4 20 000 0.135752
0.523 98 4 42 000 0.135752
0.558 107 4 42 000 0.135752
0.657 140 4 42 000 0.135752
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Table I. Continued.

f / fFB Vs (m/ s) H (m) Ec (MPa) Ic (m4)

0.784 200 4 42 000 0.135752
0.845 250 4 42 000 0.135752
0.883 300 4 42 000 0.135752
0.316 98 2 32 000 0.1315
0.338 107 2 32 000 0.1315
0.413 140 2 32 000 0.1315
0.557 200 2 32 000 0.1315
0.661 250 2 32 000 0.1315
0.735 300 2 32 000 0.1315
0.842 98 7 32 000 0.1315
0.863 107 7 32 000 0.1315
0.911 140 7 32 000 0.1315
0.954 200 7 32 000 0.1315
0.971 250 7 32 000 0.1315
0.978 300 7 32 000 0.1315
0.911 98 10 32 000 0.1315
0.924 107 10 32 000 0.1315
0.953 140 10 32 000 0.1315
0.977 200 10 32 000 0.1315
0.986 250 10 32 000 0.1315
0.987 300 10 32 000 0.1315
0.953 98 13 32 000 0.1315
0.955 107 13 32 000 0.1315
0.974 140 13 32 000 0.1315
0.988 200 13 32 000 0.1315
0.993 250 13 32 000 0.1315
0.995 300 13 32 000 0.1315

Values of the coef®cients of the multilinear regression are: A1 D 0.233, A2 D 0.33, A3 D ! 0.12
and A4 D ! 0.07. They are obtained with a determination coef®cientR2 D 0.7.

Normalizing the coef®cients of the regression byA3 gives A1/ A3 � ! 2, A2/ A3 � ! 3 and
A4/ A3 � 0.75. As a consequence, the proposed dimensionless parameterKss representing the
soil±structure relative rigidity could be approximated as follows:

KssD
q � V2

s � H3

Ec � ( Ic)3/ 4 (5)

Expressions of discrete springs (Equation (2)) reveals that the in¯uence of the square of soil shear
wave velocity(V2

s ) is equivalent to the square root of foundation area (
p

A); hence, the expression
of the soil±structure relative rigidityKss is turned into

KssD
q � V2

s � H3 �

r
A
A0

Ec � ( Ic)3/ 4 (6)

whereA0 denotes a reference area(1 m2).
Figure 2(a) shows the variation of the ratiof / fFB with the relative rigidityKss. It can be observed

that this variation can be approximated using a simple chart. For log(Kss)> 1.5, the ratio f / fFB
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Figure 2. In¯uence ofKss on the fundamental frequency of buildings: (a) one-storey
buildings; (b) multi-storey buildings with one span in the lateral and transverse directions;

and (c) multi-storey buildings with multiple spans.

attains an asymptotef / fFB D 1. In this case, the fundamental frequency of the soil-foundation±
structure system is close to that of a ®xed-base structure. For log(Kss)< 1.5, an important variation
is observed forf / fFB with log(Kss). In this case, neglecting the SSI could lead to a signi®cant
misestimation of the fundamental frequency the soil-foundation±structure system and consequently
to a poor prediction of the overall dynamic response of the structure. For stiff structures on soft
soils (log(Kss)< ! 1.5), the frequency of the ®xed-base modelfFB exceeds by three times the
frequency of the soil-foundation±structure system.

3. MULTI-STOREY BUILDINGS

Investigations were conducted for multi-storey buildingswith different conditions for both the soil
and the structure. Results obtained for buildings with different values of the total number of stories
Ns (1, 3, 5, 7 and 10) and one span in both the longitudinal and transversal directions shows that
the soil±structure relative rigidity could be expressed as follows:

KssD
q � V2

s � H3 �

r
A
A0

Ns � Ec � ( Ic)3/ 4 (7)
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Figure 3. Chart for the consideration of the SSI in the determination of the
fundamental frequency of buildings.

This expression indicates a decrease ofKss with the increase in the number of stories, and
consequently to an increase in the in¯uence of the SSI on the fundamental frequency of the
building. Figure 2(a) depicts the variation off / fFB with the relative rigidityKss. It shows that this
variation could be approximated using a simple chart that issimilar to that obtained for one-storey
buildings. Calculations were also conducted for multi-storey buildings with different values of the
number of spans in both the transversal and longitudinal directions (Nbt and Nbl) and different
foundation areas (A1, A2 and A3) proportional to the transmitted loads.

Analyses show that the relative rigidity for these buildings could be expressed as follows:

KssD
Nbt � Nbl � q � V2

s � H3 �

r
A
A0

Ns � Ec � ( Ic)3/ 4 (8)

whereA is the mean value of foundations areaAD ( A1 C A2 C � � � C An)/ n.
The increase in the number of spans(Nbl or Nbt) leads to higher values of the relative rigidity

Kss and consequently to a decrease in the in¯uence of the SSI. Figure 2(c) depicts the variation of
the fundamental frequency ratio( f / fFB) with Kss for buildings with multiple stories and spans.
It con®rms trends obtained for one-storey buildings. Figure 3 summarizes results obtained for
one-storey and multi-storey buildings. It can be observed that the fundamental frequency ratio
( f / fFB) can be determined in terms of the relative rigidityKss (Equation (8)) using the chart
described earlier for one-storey buildings.

4. CONCLUSION

This paper included the analysis of the in¯uence of the soil±structure interaction (SSI) on the
fundamental period of buildings. Analyses conducted for various soil and structure conditions
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showed that this in¯uence depends mainly on the soil±structure relative rigidity, which could be
expressed in terms of the soil shear wave velocity(Vs), the foundation area( A), the ¯exural
rigidity of the building columns( Ic, Ec), the storey height(H), the number of stories(Ns) and
spans(Nbt, Nbl) as follows:

KssD
Nbt � Nbl � q � V2

s � H3 �

r
A
A0

Ns � Ec � ( Ic)3/ 4

A chart is proposed for an ease consideration of the in¯uenceof the SSI in the determination of
the fundamental frequency of buildings. For ¯exible buildings (log(Kss)> 1.5), the SSI could be
neglected. For lower values ofKss, ignoring the SSI could lead to a signi®cant misestimation of
the fundamental frequency of buildings.
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ABSTRACT

This paper presents a numerical analysis of the influe nce of the water-

skeleton interaction on the response of earth dams t o seismic loading. The

non associated Mohr-Coulomb criterion is used for th e description of the

behaviour of earth material. Analysis is first cond ucted under undrained

condition; then a full coupled analysis is used for  the investigation of the

influence of the water-skeleton interaction on the se ismic response of the

dam. Comparison of the undrained, full coupled and d rained analyses

shows that the undrained analysis overestimates the n atural frequency of

the dam and consequently could lead to a miss estimat ion of its response.

The full coupled analysis predicts an important atten uation in the dam

response, which could result from the role of the wat er flow in the

dissipation of the seismic energy in addition to th e influence of the induced

pore-water pressure excess on the reduction of the e ffective stresses in

the dam. As a consequence, full coupled analyses are  recommended for

the seismic design of earth dams.

Keywords: amplification, coupled, drained, earth da m, earthquake,

plasticity, skeleton, undrained, water

1. INTRODUCTION
DamsÊ andÊ reservoirsÊ locatedÊ nearÊ urbanizedÊ areasÊ representÊ aÊ potentialÊ riskÊ toÊ the
downstreamÊpopulationÊandÊpropertyÊ inÊtheÊeventÊofÊuncontrolledÊreleaseÊofÊ theÊreservoir
waterÊdueÊtoÊearthquakeÊdamage.ÊTheÊfirstÊfailureÊofÊaÊdamÊdueÊtoÊearthquakeÊreportedÊinÊthe
literatureÊ isÊAugustaÊ Dam,Ê GA,Ê duringÊ theÊ 1886Ê Charleston,Ê SCÊ earthquake.Ê Worldwide,
aboutÊ30ÊdamsÊhaveÊfailedÊcompletelyÊduringÊearthquakesÊ[1].

ThereÊareÊmoreÊthanÊ75,000ÊdamsÊofÊallÊsizesÊ listedÊ inÊtheÊU.S.ÊNationalÊ InventoryÊof
DamsÊ[2]ÊandÊthousandsÊofÊlargeÊdamsÊhaveÊbeenÊbuiltÊworldwide.ÊHence,ÊtheÊrecordÊmay
appearÊ outstanding.Ê However,Ê exceptÊ forÊ severalÊ well-knownÊ cases,Ê fewÊ damsÊ haveÊ been
testedÊonÊgroundÊmotionÊequivalentÊtoÊtheirÊDesignÊBasisÊEarthquakeÊ[3].ÊConversely,ÊaÊfew
damsÊhaveÊexperiencedÊsignificantÊdamageÊunderÊmoderateÊshaking.ÊPerformanceÊdataÊand
detailedÊreferencesÊregardingÊapproximatelyÊ400ÊdamsÊthatÊhaveÊbeenÊsubjectedÊtoÊsignificant
earthquakeÊshakingÊareÊprovidedÊbyÊUSCOLDÊ[4,Ê5,Ê1].
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SeismicÊdesignÊofÊearthÊdamsÊshouldÊtakeÊintoÊconsiderationÊtheÊinfluenceÊofÊtheÊwater-
skeletonÊinteractionÊonÊtheÊoverallÊresponseÊofÊtheÊdam.ÊSince,ÊtheÊseismicÊloadingÊisÊrapid
withÊ regardÊ toÊ theÊ flowÊ processÊ inÊ theÊ coreÊ ofÊ theÊ dam;Ê engineersÊ couldÊ useÊ undrained
analysesÊ forÊ damsÊ design.Ê ThisÊ paperÊ presentsÊ aÊ confrontationÊ ofÊ thisÊ approachÊ toÊ aÊ full
coupledÊ approachÊ thatÊ takesÊ intoÊ accountÊ anÊ effectiveÊ stressÊ formulationÊ forÊ theÊskeleton
coupledÊtoÊtheÊBiotÕsÊformulationÊforÊtheÊwater-skeletonÊinteractionÊ[6,Ê7].ÊTheÊpaperÊdoesÊnot
dealÊwithÊtheÊliquefactionÊphenomena.

2. NUMERICAL MODEL
TheÊproblemÊunderÊconsiderationÊisÊshownÊinÊfigureÊ1.ÊItÊconcernsÊanalysisÊofÊtheÊinfluence
ofÊ theÊ waterÊ skeletonÊ interactionÊ onÊ theÊ responseÊ ofÊ anÊ earthÊ damÊ toÊ seismicÊ loading.ÊA
simplifiedÊ configurationÊ isÊ consideredÊ inÊ thisÊ analysis.Ê TheÊ clayÊ coreÊ isÊ assumedÊ toÊ be
homogeneous.ÊAnÊelasticÊperfectlyÊplasticÊconstitutiveÊrelationÊisÊusedÊforÊtheÊearthÊmaterial.
ThisÊ modelÊ isÊ basedÊ onÊ theÊ nonÊ associatedÊ Mohr-CoulombÊ criterionÊ withÊ tensionÊ cutoff.
AlthoughÊ thisÊ modelÊ doesÊ notÊ describeÊ wellÊ theÊ hardeningÊ ofÊ soils,Ê itÊ isÊ largelyÊ usedÊ in
geotechnicalÊengineering;ÊinÊadditionÊtheÊconstitutiveÊparametersÊofÊthisÊmodelÊareÊusually
availableÊforÊdifferentÊcategoriesÊofÊsoils.ÊRayleighÊdampingÊisÊusedÊinÊtheÊanalysesÊwithÊa
dampingÊratioÊb = 0.05.

NumericalÊanalysesÊareÊconductedÊusingÊtheÊFLACÊprogramÊ[8].ÊThisÊprogramÊisÊbasedÊon
aÊ continuumÊ finiteÊ differenceÊ discretizationÊ usingÊtheÊ LangrangianÊ approach.Ê Every
derivativeÊinÊtheÊsetÊofÊgoverningÊequationsÊisÊreplacedÊdirectlyÊbyÊanÊalgebraicÊexpression
writtenÊinÊtermsÊofÊtheÊfieldÊvariablesÊ(e.g.ÊstressÊorÊdisplacement)ÊatÊdiscreteÊpointÊinÊspace
[8].Ê ForÊ dynamicÊ analysis,Ê itÊ usesÊ anÊ explicitÊ finiteÊ differenceÊ schemeÊ toÊsolveÊ theÊ full
equationÊofÊmotionÊusingÊlumpedÊgridÊpointÊmassesÊderivedÊfromÊtheÊrealÊdensityÊsurrounding
zone.ÊTheÊcalculationÊsequenceÊfirstÊinvokesÊtheÊequationsÊofÊmotionÊtoÊderiveÊnewÊvelocities
andÊdisplacementsÊfromÊstressesÊandÊforces.ÊThen,ÊstrainÊratesÊareÊderivedÊfromÊvelocities,
andÊnewÊstressesÊfromÊstrainÊrates.ÊEveryÊcycleÊaroundÊtheÊloopÊcorrespondÊtoÊoneÊtimeÊstep.
EachÊboxÊupdatesÊallÊofÊitsÊgridÊvariablesÊfromÊknownÊvaluesÊthatÊremainÊfixedÊoverÊtheÊtime
stepÊbeingÊexecuted.

NumericalÊdistortionÊofÊtheÊpropagatingÊwaveÊcanÊoccurÊinÊdynamicÊanalyses.ÊBothÊthe
frequencyÊcontentÊofÊtheÊinputÊmotionÊandÊtheÊwave-speedÊcharacteristicsÊofÊtheÊsystemÊwill
affectÊtheÊnumericalÊaccuracyÊofÊwaveÊtransmission.ÊKuhlemeyerÊandÊLysmerÊ[9]Êshowed
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Figure 1 Problem under consideration: Influence of th e water-skeleton interaction
on the seismic response of an earth dam.
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thatÊ forÊ anÊ accurateÊ representationÊ ofÊ theÊ waveÊ transmissionÊ throughÊ theÊ soilÊ model,Ê the
spatialÊelementÊsize,ÊDlÊ,ÊmustÊbeÊsmallerÊthanÊapproximatelyÊone-tenthÊtoÊone-eighthÊofÊthe
wavelengthÊassociatedÊwithÊtheÊhighestÊfrequencyÊcomponentÊofÊtheÊinputÊwaveÊi.e.,

(1)

Where,Êl isÊtheÊwaveÊlengthÊassociatedÊwithÊtheÊhighestÊfrequencyÊcomponentÊthatÊcontains
appreciableÊenergy.ÊExpressingÊl inÊtheÊformÊofÊtheÊshearÊwaveÊvelocityÊ(VS)ÊandÊtheÊhighest
frequencyÊintroducedÊtoÊtheÊsystemÊfmax,ÊequationÊ1ÊcanÊbeÊwrittenÊas:

(2)

ThisÊrequirementÊmayÊnecessitateÊaÊveryÊfineÊspatialÊmeshÊandÊaÊcorrespondingÊsmallÊtime
step.ÊTheÊconsequenceÊisÊthatÊreasonableÊanalysesÊmayÊbeÊtimeÊandÊmemoryÊconsuming.ÊIn
suchÊcases,ÊitÊmayÊbeÊpossibleÊtoÊadjustÊtheÊinputÊbyÊrecognizingÊthatÊmostÊofÊtheÊpowerÊfor
theÊinputÊhistoryÊisÊcontainedÊinÊlowerÊfrequencyÊcomponents.ÊByÊfilteringÊtheÊhistoryÊand
removingÊhighÊ frequencyÊcomponents,ÊaÊcoarserÊmeshÊmayÊbeÊusedÊwithoutÊsignificantly
affectingÊtheÊresults.

TheÊinitialÊstressÊsateÊofÊtheÊdamÊisÊdeterminedÊusingÊaÊstaticÊanalysisÊofÊtheÊdamÊresponse
toÊgravitationalÊforces.

InÊ theÊ fullÊ coupledÊ analysis,Ê theÊ timeÊ stepÊ isÊ determinedÊ inÊ termsÊ ofÊ theÊcharacteristic
lengthÊofÊtheÊmeshÊ(Lc) andÊtheÊdiffusivityÊfactorÊcÊasÊfollows:

(3)

TheÊdiffusivityÊfactorÊ(c)ÊisÊdeterminedÊusingÊtheÊhydroÊmechanicalÊpropertiesÊofÊbothÊthe
porousÊfluidÊandÊtheÊporousÊmedia:

(4)

K andÊG denoteÊtheÊbulkÊandÊshearÊmodulusÊofÊtheÊporousÊmedia,Êrespectively.ÊM, k andÊa
standÊforÊtheÊBiotÊmodulus,ÊtheÊmobilityÊcoefficientÊandÊtheÊBiotÊcoefficient,Êrespectively.

3. INPUT MOTION
TheÊseismicÊloadingÊisÊappliedÊatÊtheÊbaseÊofÊtheÊfoundationÊlayerÊasÊaÊvelocityÊexcitation.
AnalysesÊareÊconductedÊforÊtwoÊrecordedÊearthquakeÊmotions.ÊTheÊfirstÊoneÊcorrespondsÊto
theÊKocaeliÊearthquakeÊinÊTurkeyÊ(1999)ÊwithÊaÊmagnitudeÊMwÊ=Ê7.4Ê[10].ÊTheÊestimated
peakÊ velocityÊ ofÊ thisÊ recordÊ isÊ approximatelyÊ equalÊ toÊ 0.40Ê m/secÊ (peakÊ acceleration
0.247g),ÊandÊitsÊdurationÊisÊapproximatelyÊequalÊ30ÊsecÊ(FigureÊ2a).ÊTheÊfrequencyÊofÊthe
majorÊpeakÊisÊequalÊtoÊ0.9ÊHz.ÊTheÊmajorÊpartÊofÊtheÊspectrumÊliesÊbetweenÊ0.2ÊandÊ2Hz.
TheÊsecondÊinputÊmotionÊcorrespondsÊtoÊTabasÊearthquakeÊinÊIranÊ(FigureÊ2b,Ê[10]).ÊThe
majorÊ peakÊ correspondsÊ toÊ theÊ frequencyÊf =Ê 0.5Ê Hz,Ê theÊ secondÊ peakÊ appearsÊ atÊ the
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frequencyÊf =Ê1.1ÊHz.ÊTheÊmajorÊpartÊofÊ theÊspectrumÊliesÊbetweenÊ0.2ÊandÊ1.5ÊHz.ÊThe
durationÊisÊapproximatelyÊequalÊ8Êsec.ÊAnalysesÊwereÊconductedÊwithÊtheÊmagnitudeÊofÊthe
KocaeliÊrecordÊ(Va =Ê0.4Êm/sec).

4. UNDRAINED ANALYSIS
TheÊ undrainedÊ analysisÊ isÊ conductedÊ inÊ totalÊ stresses.Ê TheÊ shellÊ materialÊ isÊ assumedÊ toÊ be
frictional,ÊwhileÊthatÊofÊtheÊcoreÊisÊassumedÊtoÊbeÊpurelyÊcohesive.ÊGeotechnicalÊpropertiesÊof
theÊdamÊareÊsummarizedÊinÊtableÊ1.ÊTheÊfoundationÊmaterialÊisÊassumedÊtoÊbeÊelasticÊwithÊa
YoungÕsÊModulusÊEÊ= 1000ÊMPa.ÊTheÊYoungÕsÊmodulusÊofÊtheÊcoreÊisÊequalÊtoÊ40ÊMPa,Êwhile
thatÊofÊtheÊshellÊisÊequalÊtoÊ60ÊMPa.ÊTheÊFrictionÊangleÊofÊtheÊshellÊisÊequalÊtoÊj = 35¡.ÊTheÊcore
cohesionÊ(Cu)ÊisÊassumedÊtoÊincreaseÊwithÊtheÊinitialÊeffectiveÊverticalÊstressÊs ©v0 asÊfollows:

(5)

AnalysesÊwereÊconductedÊwithÊl cu=0.3
TheÊresponseÊofÊtheÊdamÊtoÊtheÊKocaeliÊearthquakeÊrecordÊisÊillustratedÊinÊfiguresÊ3ÊtoÊ6.

FigureÊ3ÊshowsÊtheÊdistributionÊofÊplasticityÊinÊtheÊdamÊatÊtheÊpeakÊofÊtheÊexcitation.ÊItÊcan
beÊ observedÊ thatÊ plasticityÊ isÊ inducedÊ inÊ theÊ quasiÊ totalityÊ ofÊ theÊ dam.Ê TheÊ residual
displacementÊisÊpresentedÊinÊfigureÊ4.ÊItÊshowsÊthatÊtheÊseismicÊloadingÊinducesÊaÊresidual
displacementÊinÊtheÊupperÊpartÊofÊtheÊdamÊandÊatÊtheÊextremities.ÊTheÊdisplacementÊattains
0.95Êm.ÊFigureÊ5ÊshowsÊtheÊdisplacementÊpatternÊinÊtheÊaxisÊandÊtheÊmiddleÊheightÊofÊtheÊdam
atÊtheÊmaximumÊexcitation.ÊItÊcanÊbeÊobservedÊthatÊtheÊdisplacementÊinÊtheÊaxisÊofÊtheÊdam
increasesÊfirstÊwithÊtheÊdistanceÊfromÊtheÊbaseÊupÊtoÊaÊpeakÊandÊthenÊdecreases.ÊThisÊvariation
correspondsÊtoÊaÊcombinationÊofÊtheÊfirstÊandÊsecondÊmodesÊofÊtheÊdam.ÊTheÊvariationÊofÊthe
displacementÊatÊtheÊmiddleÊheightÊshowsÊaÊsharpÊincreaseÊatÊtheÊextremities;ÊwhichÊcould
indicateÊtheÊimminenceÊofÊsoilÊinstabilityÊinÊthisÊarea.

FigureÊ6aÊshowsÊtheÊseismicÊamplificationÊofÊtheÊvelocityÊinÊtheÊdam.ÊItÊcanÊbeÊobserved
thatÊtheÊamplificationÊincreasesÊfirstÊwithÊtheÊdistanceÊfromÊtheÊbaseÊofÊtheÊdamÊupÊtoÊaÊpeak
andÊthenÊdecreases.ÊThisÊvariationÊcorrespondsÊtoÊaÊcombinationÊofÊtheÊfirstÊtwoÊmodesÊofÊthe
dam.ÊFigureÊ6bÊshowsÊtheÊspectraÊofÊtheÊvelocityÊatÊtheÊcrestÊofÊtheÊdamÊandÊtheÊspectraÊof
theÊ inputÊ motion.Ê ItÊ canÊ beÊ observedÊ thatÊ theÊ peakÊ ofÊ theÊ damÊ responseÊ occursÊ atÊ the
frequencyÊf = 1.35ÊHzÊ;ÊaÊlessÊpronouncedÊpeakÊappearsÊatÊtheÊfrequencyÊf = 0.64ÊHz.

FigureÊ7aÊshowsÊaÊcomparisonÊbetweenÊtheÊdrainedÊandÊundrainedÊresponsesÊofÊtheÊdam
toÊKocaeliÊearthquakeÊrecord.ÊItÊcanÊbeÊobservedÊthatÊtheÊamplificationÊofÊtheÊtowÊresponses

Cu cu v= l s ' 0
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Figure 2a Kocaeli earthquake record (1999) a) Veloci ty, b) Spectrom.
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Figure 2b Tabas earthquake record: a) Velocity, b) S pectrom.

Figure 3 Undrained analysis: Distribution of plastici ty in the dam (Maximum
excitation) (Kocaeli earthquake record).

Table 1 Undrained analysis: properties of the earth dam

Parameter Units Core Shell Foundation
DryÊdensityÊ(r ) (kg/m3) 1800 2000 2200
SaturatedÊdensityÊ(r ') (kg/m3) 2100 2500 2500
FrictionÊangleÊ(j ) (¡) 0 35
CohesionÊ(c') (kPa) 0.30*sv0' 0.100
YoungÕsÊmodulusÊ(E) (kPa) 40Ê000 60Ê000 1000Ê000
PoissonÕsÊratioÊ(n) 0.3 0.3 0.25

Ê

H

Plastic

Z

areÊclose,ÊexceptÊnearÊtheÊtopÊofÊtheÊdam,ÊwhereÊdrainedÊresponseÊisÊhigherÊthanÊthatÊ the
undrainedÊone.ÊBothÊofÊtheÊresponsesÊcorrespondÊtoÊaÊcombinationÊofÊtheÊfirstÊandÊsecond
modes,ÊbutÊtheÊcontributionÊofÊtheÊsecondÊmodeÊseemsÊtoÊbeÊmoreÊimportantÊtoÊtheÊundrained
response.ÊFigureÊ7bÊshowsÊtheÊspectraÊofÊtheÊdrainedÊandÊundrainedÊresponsesÊofÊtheÊdam.ÊIt
confirmsÊthatÊtheÊpeaksÊofÊtheÊdrainedÊandÊundrainedÊresponsesÊoccurÊatÊtheÊfrequencyÊf =
1.35ÊHz,ÊwhichÊisÊcloseÊtoÊtheÊsecondÊfrequencyÊofÊtheÊdamÊ(f = 1.40ÊHz).

FigureÊ8ÊshowsÊaÊcomparisonÊofÊtheÊseismicÊresponsesÊtoÊTabasÊandÊKocaeliÊearthquake
records.ÊItÊcanÊbeÊobservedÊthatÊtheÊamplificationÊofÊtheÊtowÊresponsesÊareÊveryÊcloses,Êexcept
nearÊtheÊtopÊofÊtheÊdam,ÊwhereÊtheÊresponseÊtoÊtheÊTabasÊinputÊmotionÊisÊhigherÊthanÊthatÊto
KocaeliÊearthquakeÊrecordÊ(FigureÊ8a).ÊTheÊcontributionÊofÊtheÊsecondÊmodeÊtoÊtheÊresponseÊto
theÊTabasÊinputÊmotionÊisÊlessÊimportantÊthanÊthatÊtoÊtheÊresponseÊtoÊKocaeliÊreord.ÊFigureÊ8b



showsÊtheÊspectraÊofÊtheÊresponseÊtoÊKocaeliÊandÊTabasÊearthquakeÊrecords.ÊItÊconfirmsÊthatÊthe
peakÊofÊtheÊresponseÊtoÊTabasÊrecordÊoccursÊatÊtheÊfrequencyÊf = 0.5ÊHz,ÊwhichÊisÊlowerÊthan
thatÊofÊtheÊresponseÊtoÊKocaeliÊearthquakeÊrecordÊ(f = 1.32ÊHz).

5. FULL COUPLED ANALYSIS
FullÊ coupledÊ analysersÊ areÊ conductedÊ usingÊ theÊ effectiveÊ stressesÊ approachÊ forÊ theÊ soil
skeletonÊcoupledÊtoÊtheÊBiotÕsÊformulationÊforÊtheÊwater-skeletonÊinteraction.

TheÊ geotechnicalÊ propertiesÊ ofÊ theÊ damÊ areÊ summarizedÊ inÊ tableÊ 2.ÊTheÊ foundationÊis
assumedÊtoÊbeÊstiffÊwithÊaÊYoungÕsÊModulusÊEÊ= 1000ÊMPa.ÊTheÊYoungÕsÊmodulusÊofÊtheÊcore
isÊequalÊtoÊ40ÊMPa,ÊwhileÊthatÊofÊtheÊshellÊisÊequalÊtoÊ60ÊMPa.ÊTheÊfrictionÊangleÊofÊtheÊshell
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Figure 4 Undrained analysis: Residual displacement in  the dame axis and at
middle height (Koaceli earthquake record).

Figure 5 Undrained analysis: displacement pattern at  the maximum of the 
seismic excitation.
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isÊequalÊtoÊ35¡.ÊTheÊcohesionÊandÊfrictionalÊangleÊofÊtheÊcoreÊareÊequalÊtoÊ100ÊkPaÊandÊ15¡,
respectively.ÊTheÊpermeabilityÊofÊtheÊcoreÊisÊequalÊtoÊ9.810- 7 m/s.

TheÊdamÊresponseÊtoÊKocaeliÊearthquakeÊinputÊmotionÊisÊillustratedÊinÊfiguresÊ9ÊtoÊ13.
FigureÊ9ÊshowsÊtheÊvariationÊofÊtheÊexcessÊporeÊpressureÊratioÊ(Ru)ÊatÊthreeÊpositionsÊofÊthe
dam:ÊtheÊbase,ÊtheÊmiddleÊheightÊandÊtheÊtop.ÊThisÊvariationÊfollowsÊthatÊofÊtheÊinputÊmotion.
AtÊtheÊtopÊofÊtheÊdam,Ê(Ru)ÊincreasesÊupÊtoÊ1.16,ÊwhileÊatÊtheÊmiddleÊheightÊitÊattainsÊ1.1;Êat
theÊbottomÊofÊtheÊdamÊ(Ru)ÊdecreasesÊdownÊtoÊ0.9.

FigureÊ10ÊshowsÊtheÊdisplacementÊpatternÊinÊtheÊaxisÊandÊatÊtheÊmiddleÊheightÊofÊtheÊdamÊat
theÊmaximumÊofÊtheÊseismicÊexcitation.ÊItÊcanÊbeÊobservedÊthatÊtheÊdisplacementÊinÊtheÊaxisÊof
theÊdamÊincreasesÊwithÊtheÊdistanceÊfromÊtheÊbaseÊofÊtheÊdam,ÊwithÊaÊquasiÊstabilizationÊnear
theÊ topÊ ofÊ theÊ dam.ÊTheÊ variationÊ ofÊ theÊ displacementÊ atÊ theÊ middleÊ heightÊ showsÊ aÊ sharp
increaseÊatÊtheÊextremities;ÊwhichÊcouldÊindicateÊtheÊimminenceÊofÊaÊsoilÊinstabilityÊinÊthisÊarea.
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Figure 7 Comparison of the drained and undrained res ponses (Kocaeli
earthquake record).

Figure 6 Undrained analysis: seismic amplification o f the velocity .
(Kocaeli earthquake record).
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(a) Velocity amplification (b)  Spectra of the dam response and the input motion 
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FigureÊ11ÊshowsÊtheÊamplificationÊofÊtheÊundrainedÊandÊfullÊcoupledÊresponsesÊofÊtheÊdam.
ItÊcanÊbeÊobservedÊthatÊtheÊamplificationÊofÊtheÊundrainedÊresponseÊisÊhigherÊthanÊthatÊofÊthe
fullÊcoupledÊresponse.ÊBothÊresponsesÊcorrespondÊtoÊaÊcombinationÊofÊtheÊfirstÊandÊsecond
modes,ÊbutÊtheÊcontributionÊofÊtheÊsecondÊmodeÊseemsÊtoÊbeÊmoreÊimportantÊtoÊtheÊundrained
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Figure 8 Comparison of the undrained responses to the  Kocaeli and Tabas
earthquake records.

Table 2 Full coupled analysis: properties of the ear th dam

Parameter Units Core Shell Foundation

DryÊdensityÊ(r ) (kg/m3) 1800 2000 2200
SaturatedÊdensityÊ(r ') (kg/m3) 2100 2500 2500
FrictionÊAngleÊ(j ) (¡) 15 35 35
Dilation (¡) 3 10 3
CohesionÊ(c') (kPa) 0.1Êe3 0.100 0.2e3
YoungÕsÊmodulusÊ(E) (kPa) 40000 60000 1000Ê000
PoissonÕsÊratioÊ(n) 0.3 0.3 0.25
ElasticÊshearÊmodulusÊ(G) (kPa) 15Ê000 23Ê000 400Ê000
BulkÊmodulusÊ(K) (kPa) 33Ê000 50Ê000 666Ê000
PorosityÊ(n) 0.3 0.5 0.3
PermeabilityÊ(kh) (m/Êsec) 9.8e-7 9.8e-5 2.94e-4

BiotÊModulusÊ(M) (kPa) 7.33e6 3.67e6 7.33e6
MobilityÊcoefficientÊ(k) m2/(sec*kPa) 5.00e-8 5.00e-6 1.35e-5
DiffusivityÊFactorÊ(c) m2/sec 0.367 18.3 98.6

1
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Figure 9 History of the excess pore pressure ratio a t different points of the dam
(Kocaeli earthquake record).
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Figure 10 Full coupled analysis: Displacement at the  maximum of seismic
excitation (Kocaeli earthquake record).
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response.Ê FigureÊ 12Ê confirmsÊ thisÊ observation.Ê ItÊ showsÊ thatÊ theÊ fullÊ coupledÊ response
includesÊtwoÊpeaksÊwithÊequalÊvaluesÊwhichÊcorrespondÊtoÊtheÊfrequenciesÊf = 0.65ÊHzÊand
1.35ÊHz,ÊwhileÊtheÊmajorÊpeakÊofÊtheÊundrainedÊresponseÊoccursÊatÊtheÊfrequencyÊf = 1.35ÊHz.
ThisÊresultÊindicatesÊthatÊtheÊundrainedÊanalysisÊcouldÊleadÊtoÊanÊoverestimationÊofÊtheÊnatural
frequencyÊofÊtheÊdam,ÊbecauseÊofÊtheÊoverestimationÊofÊtheÊdamÊstiffness.
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Figure 11 Comparison of the undrained and full couple d responses (Kocaeli
earthquake record).

Figure 12 Influence of the water ± skeleton interact ion velocity amplification of the
dam (Kocaeli earthquake record).
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FigureÊ12ÊshowsÊtheÊinfluenceÊofÊtheÊwater-skeletonÊinteractionÊmodellingÊonÊtheÊresponse
ofÊ theÊ dam.Ê ItÊ canÊ beÊ observedÊ thatÊ theÊ undrainedÊ analysisÊ overestimatesÊ theÊ natural
frequencyÊofÊtheÊdamÊandÊcouldÊleadÊtoÊaÊmissÊestimationÊofÊitsÊresponse.ÊTheÊfullÊcoupled
analysisÊshowsÊanÊimportantÊattenuationÊofÊtheÊdamÊresponse,ÊwhichÊcouldÊresultÊfromÊthe
roleÊofÊtheÊwaterÊflowÊinÊtheÊdissipationÊofÊtheÊseismicÊenergyÊinÊtheÊdamÊinÊadditionÊtoÊthe
influenceÊofÊtheÊpore-waterÊpressureÊincreaseÊonÊtheÊreductionÊofÊtheÊeffectiveÊstressesÊand
consequentlyÊtoÊanÊincreaseÊinÊplasticityÊinÊtheÊdam.



6. CONCLUSION
ThisÊpaperÊincludedÊaÊstudyÊofÊtheÊinfluenceÊofÊtheÊwater-skeletonÊinteractionÊonÊtheÊseismic
responseÊofÊanÊearthÊdam.ÊInvestigationsÊwereÊconductedÊusingÊundrained,ÊfullÊcoupledÊand
drainedÊanalysesÊforÊrealÊearthquakeÊinputÊmotions.

ResultsÊshowÊthatÊtheÊundrainedÊanalysisÊoverestimatesÊtheÊnaturalÊfrequencyÊofÊtheÊdamÊand
couldÊleadÊtoÊaÊmissÊestimationÊofÊitsÊresponse.ÊTheÊfullÊcoupledÊanalysisÊpredictsÊanÊimportant
attenuationÊinÊtheÊdamÊresponse,ÊwhichÊcouldÊresultÊfromÊtheÊinfluenceÊofÊtheÊwaterÊflowÊinÊthe
dissipationÊofÊtheÊseismicÊenergyÊinÊadditionÊtoÊtheÊinfluenceÊofÊtheÊinducedÊpore-waterÊpressure
excessÊinÊtheÊreductionÊofÊtheÊeffectiveÊstressesÊonÊtheÊdamÊandÊconsequentlyÊtoÊanÊincreaseÊin
theÊsoilÊplasticity.ÊTheseÊresultsÊshowÊtheÊnecessityÊofÊtheÊuseÊofÊaÊfullÊcoupledÊanalysisÊforÊthe
seismicÊdesignÊofÊearthÊdams.
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Finite-Element Model for Urban Pavement Rutting:
Analysis of Pavement Rehabilitation Methods

Bassem Ali1; Marwan Sadek2; and Isam Shahrour3

Abstract: This paper concerns analysis of rutting of urban pavements using ®nite-element modeling, which takes into account the
nonlinear behavior of the pavement materials and the complex traf®c condition. A viscoplastic constitutive relation is used for the
description of the behavior of the asphalt concrete layer, while an elastoplastic constitutive relation, based on the Mohr±Coulomb
criterion, is used for the other layers. The performances of the numerical model are checked over full-scale pavement tests. The model is
used for analysis of rutting in urban pavements and for the analysis of rehabilitation methods. Analyses show that urban traf®c conditions
are detrimental for urban pavements and the use of high resistance asphalt concrete constitutes an ef®cient alternative for urban pavement
rehabilitation.

DOI: 10.1061/~ASCE!0733-947X~2009!135:4~235!

CE Database subject headings: Viscoplasticity; Urban areas; Asphalt pavements; Finite element method; Temperature effects;
Rehabilitation.

Introduction

Flexible pavements suffer generally from rutting which results
from heavy traf®c and severe environmental condition~Collop
and Cebon 1995; Archilla and Madanat 2001; Skok et al. 2002!.
Rutting could be due to either permanent deformation of the sur-
face layer~instability rutting! or to the deformation of the lower
layers~structural rutting!. Urban traf®c presents severe conditions
for ¯exible pavements, because of both the low circulation speed
and the low traverse wheel wander. Urban pavements are also
subjected to heavy bus loading which accelerates the rutting pro-
cess, especially at intersections, traf®c lights, and bus stations. As
a consequence, rehabilitated urban pavements rarely ensure their
design life~El Hussein and Nofal 1998!.

Since the maintenance and rehabilitation of urban pavement
are extremely expensive, speci®c materials and technologies are
proposed to improve their performance. The practical use of these
developments requires their veri®cation, which could be carried
out using experimental tests. Numerical modeling can also be
used for the analysis of pavement rutting~Olsson et al. 2000;
White et al. 2002; Saleh et al. 2003! and for evaluation of the
performances of new developments in the ®eld of pavement re-
habilitation~Archilla and Madanat 2001!. Previous works on the
numerical modeling of pavement rutting mainly concerned ex-

pressways. This paper presents an analysis of the urban pavement
rutting using a nonlinear ®nite-element method. The model will
be brie¯y presented as well as its validation on full-scale tests.
Then it will be used for the analysis of urban pavement rutting
and for the evaluation of the ef®ciency of some rehabilitation
technologies of urban pavements.

Numerical Model

The ®nite-element software Abaqus is used in the numerical
simulation.

Presentation

Constitutive Relation
The behavior of asphalt concrete is described using an elastovis-
coplastique constitutive relation. The elastic part is assumed to be
isotropic and linear. The in¯uence of the temperature is consid-
ered using the relation proposed by Ullidtz~1999!

E = Erefe
aEsT Trefd

Eref andaE denote two constitutive parameters that can be deter-
mined from triaxial tests conducted at different values of the tem-
perature.Eref stands for the Young's modulus at the reference
temperatureTref. Eref andaE are frequency dependent.

The viscoplastique strain is determined using the relation pro-
posed by Hua and White~2002!

«Çvp = As ntm

n, m, andA=constitutive parameters, which could be determined
from creep and recovery tests. The in¯uence of the temperature is
considered using the time-temperature superposition principle
~Chehab et al. 2002! as follows:

«Çvp = ATs
nj m
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j =
t

aT

aT denotes the temperature shift for the viscoplastic effect; and
AT=constitutive parameter that is temperature dependent.

The behavior of the sublayers is described using an elastoplas-
tic constitutive model based on the Mohr±Coulomb criterion.

Traf®c Loading Model
A vehicle pass is modeled as a pressure applied at the pavement
surface during a time intervalTp which depends on the vehicle
speedvh, the tire footprintb, and the size of the mesh elementa
as illustrated in Fig. 1~Fang 2001!

Tp =
a + b

vh

According to the proposition of Olsson et al.~2000!, Fang~2001!,
White et al.~2002!, and Ali ~2006!, a traf®c load includingN
passes is modeled as the superposition of these passes.

The transverse wheel wander was considered using a standard
normal distribution for the transverse wheel path with a width
Dtw=40 cm and a standard deviation of 29 cm~White et al. 2002;
Wardle et al. 2003!.

Validation

Full-scale rutting tests are used for validation of the numerical
model. These tests were conducted on pavements composed of
®ve layers~Perret 2003! as follows:
1. Two layers of asphalt concrete including a wearing course

~MR11! and a binder course~HMT!; the total thickness of
these layers is equal to 17 cm;

2. Base and subbase gravel layerss0±63 mmd; their thickness
is equal to 40 cm;

3. Subgrade layer of ®ne sand; its thickness is equal to 122 cm;
and

4. Rigid layer of concrete, 20 cm in thickness.
The ®nite-element mesh used in the validation is given in Fig. 2.
It includes 1,776 four-node elements with reduced integrations.

Table 1 summarizes the mechanical characteristics of the base
and the subgrade layers, which were determined from both tri-
axial and plate loading tests~Perret 2003!. The Poisson's ratio is
assumed to be constant atn=0.3. The concrete layer is supposed
to be elastic with a Young's modulusE=20 GPa and a Poisson's
ratio n=0.15~Perret 2003!.

Fig. 1. Determination of time of contact wheel pavement

Fig. 2. Finite-element mesh used in validation of numerical model on full-scale tests

Table 1. Characteristic of the Pavement Sublayers

Layer
Young's Modulus

E ~MPa!
Friction anglef

~%!
Cohesion
c ~kPa!

Base 240 35 10
Subgrade 90 30 1
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The viscoplastic parameters of the asphalt were determined
using a back-calculation procedure on full-scale tests conducted
at different values of the temperature~Perret 2003!. The back-
calculation procedure~Ali 2006! gave the following values for the
constitutive parameters:m= 0.5, n=0.88. The constitutive pa-
rameterAT is temperature dependent. Table 2 shows its variation
with temperature for both the binder layer~HMT! and the wear-
ing course layer~MR11!.

Fig. 3 shows a comparison between the numerical simulation
and the full-scale results conducted by Perret~2003! under the
following conditions: an axle loadFa=115 kN, a tire pressure
Ptire=800 kPa, and temperatureT=50%C, and traf®c speedvh
=12 km/h. It can be observed that the numerical model accu-
rately reproduces the evolution of rutting during both the initia-
tion and propagation phases.

Analysis of Rutting of Urban Pavements

Traf®c in urban areas is characterized by a low circulation speed
and reduced transverse wheel wanders. In order to analyze the
in¯uence of these severe conditions on pavement rutting, numeri-
cal simulations were conducted for the following conditions:
1. Low traf®c speedsvh=50 km/hd with zero wheel wander

sDtw=0d;
2. Low speed with moderate wheel wandersDtw=20 cmd; and
3. High speedsvh=90 km/hd with high traf®c wandersDtw

=40 cmd.
The ®rst two conditions concern urban pavements, while the third

concerns expressways. Analyses were conducted with the geo-
metric and mechanical properties used in the validation test. Note
that pavement temperature is supposed to be 45%C, which corre-
sponds to an ambient temperature of 28%C~Yavuzturk et al.
2005!. Elastic modulus of the asphalt at 45%C is equal to
422 MPa. Analyses were conducted for a dual tire track with an
axle loadFa=135 kN and a tire pressurePtire=662 kPa.

Fig. 4 presents results of numerical simulations. It can be ob-
served that rutting is largely affected by both the transverse wheel
wander and the traf®c circulation speed. It decreases with the
increase in traf®c speed and the augmentation of the transverse
wheel wandersDtwd. For example, the number of passes causing
8 mm of rutting in expressways is about four times higher than
that obtained in urban area. Also note that assuming 20 cm of
transverse wheel wander leads to a reduction of about 20& in
rutting. This reduction is due to the role of transverse wheel
wander on the distribution of the load over a larger area of the
pavement.

Fig. 5 shows the in¯uence of traf®c speed on rutting. It shows
a signi®cant increase in the rutting with the decrease in speed.
This result agrees well with the observation of rutting at the in-
tersections, traf®c lights, and bus stations. For example, rutting
depth increases by about 100& when the traf®c speed decreases
from 60 to 10 km/h. The reduction of traf®c speed results in an
increase in the loading time and consequently in an augmentation
of rutting. This result agrees well with the ®ndings of Al-Qadi
et al. ~2004! and Wang and Machemehl~2004!.

Analysis of Methods of Rehabilitation of Rutted
Pavement

The rehabilitation of rutted pavements is generally carried out by
replacement of the damaged layer by a new one. The numerical
modeling of the pavement rehabilitation is carried out as follows:
1. Finite-element analysis is conducted under traf®c load and

environmental conditions over a period corresponding to the
development of the critical rutting;

2. The degraded surface layer is replaced by a new one; the
mechanical properties of other layers are unchanged; and

3. A ®nite-element analysis is conducted to analyze the rutting
of the rehabilitated pavement.

Table 2. Variation of AT with Temperature

T ~C%!

AT
@SecL 1 ~10 kPadL n#

MR11 HMT

15 8.00E-08 6.20E-08
30 1.30E-06 1.20E-06
35 2.63E-06 2.92E-06
40 5.31E-06 5.88E-06
45 1.00E-05 1.07E-05
50 1.67E-05 1.74E-05
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Fig. 3. Validation of numerical model on rutting tests:~Fa=115 kN, Ptire=800 kPa,T=50%C, vh=12 km/h! ~tests realized by Perret 2003!
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In the following this methodology will be used to evaluate the
performances of different strategies proposed for the rehabilita-
tion of rutted pavement in urban area.

The degraded layer can be replaced by a layer with the same
material~HMT! or by another material such as the high modulus
asphalt concrete~EME! which provides a good resistance to rut-
ting. Let's take the example used in the preceding section. Analy-
ses are conducted for the following scenarios of rehabilitation:
1. The rutted surface layersh=14 cmdof the asphalt concrete is

replaced by a layer with the same characteristics~HMT! and
thickness;

2. The rutted layer is replaced by the high modulus asphalt
~EME! layer, 11 cm in thickness; and

3. The rutted layer is replaced by the high modulus asphalt
~EME! layer, 7 cm in thickness.

The values of the parameters of the high modulus asphalt EME at
T=30%C are given by:AT=9.1E-7, m=0.86, n= 0.53, and E
=7,917 MPa.

Fig. 6 illustrates the performances of the three methods of
rehabilitation. It can be seen that the rutting development is al-
most the same for the pavement repaired with the same material

and thickness~®rst method!. The use of the high modulus asphalt
~EME! reduces the rutting development. After rehabilitation, the
period to develop a 4 mm rut is enlarged by about 50 and 100&
with the use of 7 and 11 cm high modulus asphalt EME, respec-
tively.

Conclusion

This paper presented ®nite-element modeling of rutting in urban
pavements using an elastoviscoplastic constitutive relation for the
asphalt concrete and an elastoplastic model for the supporting
layers. The performances of this model were checked on full-
scale tests.

Analyses showed that rutting in urban areas constitutes a
major problem because of the low traf®c speed and the reduced
wheel wander. The use of high modulus asphalt like EME consti-
tutes an ef®cient solution for the rehabilitation of rutted urban
pavements.
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Numerical modeling of traf€c-induced ground vibration

Mohannad Mhanna, Marwan Sadek * , Isam Shahrour
Laboratory of Civil Engineering and geoEnvironment (LGCgE), University of Lille 1-Polytech-Lille, Villeneuve d'Ascq 59655, France

a r t i c l e i n f o

Article history:
Received 15 January 2011
Received in revised form 9 July 2011
Accepted 13 July 2011
Available online 18 November 2011

Keywords:
Traf€c
Vehicle
Vibration
Numerical model
Road unevenness

a b s t r a c t

Ground vibrations due to road traf€c constitute a major environmental problem. This paper presents a
numerical model for the analysis and prediction of the ground vibrations due to the road traf€c. A car
model with four degrees of freedom is used for the determination of the load due to the road traf€c.
The load is then introduced in a 3D €nite difference model for the determination of the traf€c-induced
ground vibrations. The numerical model is validated using €eld data. Numerical analyses show that both
the amplitude and frequency of the traf€c-induced vibrations are mainly affected by the vehicle speed,
the road unevenness and the vehicle suspension system. Some recommendations are suggested for the
reduction of these vibrations.

Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Traf€c-induced vibrations can cause discomfort to residents,
perturbation of sensitive equipment and even damage to nearby
structures. Over the past several years, experimental studies have
analyzed the ground vibrations generated by vehicles. Experiments
performed at the Transport and Road Research Laboratory [1,2]
showed that heavy vehicles mainly caused the perceptible vibra-
tions and that the level of vibrations increased with the vehicle
speed and the height and depth of pavement surface irregularity.
Crispino and D'Apuzzo [3] conducted a series of measurements of
road traf€c-induced vibrations in a heritage building in Naples;
they used a modi€ed Watts' formula for the determination of the
vibration variation with the vehicle type and speed. Other experi-
mental works attempted to correlate the vibration characteristics
(level and frequency content) to the bus suspension system [4]
and the seasonal climate variation [5] .

Theoretical and numerical studies have also been conducted.
Lombaert and Degrande [6,7] used the boundary element method
in the frequency•wave number domain together with the Betti-
Rayleigh reciprocal theorem to compute the dynamic response in-
duced by a moving vibration source. Their model was validated
using €eld tests. D'Apuzzo [8] reported that, when the road rough-
ness was described through a singular surface unevenness, the sta-
tionarity of the excitation was not satis€ed and that the
transitional feature of the dynamic vertical forces must be properly

described. Shen [9] proposed a €nite element model to investigate
the characteristics of the building vibrations induced by adjacent
moving truck crossing random irregularities. He indicated that
the coincidence of the natural vertical frequency of the truck and
the €rst natural frequency of the building should be avoided. The
stochastic approach was also used by Xu and Hong [10] to quantify
the traf€c-induced building vibrations; they showed that traf€c-
induced ground vibrations disrupted high-tech facilities.

The vibration level and frequency depend on several factors
such as vehicle weight and speed, suspension system, road condi-
tion and soil characteristics. Based on the Betti•Rayleigh Dynamic
Reciprocal Theorem and the reciprocal property of the Green's
functions, Cao et al. [11] developed a Matlab code for the determi-
nation of the ground to moving and harmonic loads. They reported
that the ground vibration induced by moving loads is a typical low-
frequency problem controlled by the Rayleigh wave in the top soil
layer. Hajek et al. [12] reported that the pavement surface irregu-
larity caused loads characterized by a body bounce movement
(0.8•4 Hz) and an axle hop movement (8•15 Hz).

Beskou and Theodorakopoulos [13] have recently provided a
comprehensive review on the dynamic response of pavements to
moving loads and they have stressed the need of the need of €eld
data for the development and calibration of numerical models.

This paper presents a global numerical model for the analysis in
the time-domain of the traf€c-induced vibrations. The numerical
modeling is conducted in two stages. In the €rst stage, a car model
with four degrees of freedom is used for the determination in the
time domain of the load due to road irregularities. In the second
stage, a 3D €nite difference model using the FLAC 3D program is
used to determine the ground vibrations due to the load deter-
mined in the €rst stage.

0266-352X/$ - see front matter Ó 2011 Elsevier Ltd. All rights reserved.
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The originality of the paper relies on the use of a global numer-
ical model for the prediction of the traf€c-induced ground vibra-
tions, with realistic modeling of both the load due to the road
traf€c and the ground vibrations. The numerical model is actually
a coupled one consisting of a model for the vehicle and a commer-
cial code model for the soil.

2. Numerical model

The numerical modeling includes two stages:

• Firstly, the dynamic axle load resulting from pavement
irregularity is determined using a moving vehicle model com-
posed of springs, dampers and lumped mass. In the case of
vehicle•road interaction, several authors indicate that the pre-
diction of the dynamic axle loads can be uncoupled from the
solution of the road-soil interaction problem due to the high
stiffness of the road compared to the vehicle's suspension sys-
tem or tyres [14•17] . More recently, the validity of this assump-
tion has been con€rmed by the study of Lombaert and Degrande
[18] based on the model of a beam on a Winkler foundation for
the road. The same assumption is adopted in the present study.

• The resulting axle dynamic load is then used in a 3D numerical
modeling for the determination of the ground vibrations due to
the load determined in the €rst stage.

In recent years, several models have been proposed for the
determination of the vehicle dynamic axle load due to the road
unevenness. These models range from simpli€ed models to more
complex MDOF models. Some authors assumed that the axle load
could be represented by a half sine wave with a frequency deduced
from the time required to load and unload the force during the pas-
sage of the vehicle on the contact surface. Watts and Krylov [2] and
Cebon [15] used a 2DOF quarter-car model to analyze the interac-
tion between heavy vehicles and roads. Lombaert and Degrande
[6,7] used a 4DOF half car model for a two-axle truck. More sophis-
ticated vehicle models, such as the 7DOF model for a tractor•trailer
vehicle [19] or the full-scale two-axle vehicle model [20] , were
used to analyze the bridge dynamic response.

In this paper, a four degree-of-freedom half-car model is used
for the determination of the vehicle dynamic response to road
irregularities. This model considers the vehicle pitch motions, the
body motions and the center of gravity effect. Furthermore, the dif-
ferences between front and rear dampers and spring characteris-
tics can be modeled properly as depicted in Fig. 1.

The equations of motion for the vehicle body and front and rear
wheels can be summarized as follows [21] :

‰MŠ…•X† ‡ ‰CŠ…_X† ‡ ‰KŠ…X† ˆ …P† …1†

where

‰MŠ ˆ

ms 0 0 0

0 Is 0 0

0 0 mu2 0

0 0 0 mu1

2

6
6
6
4

3

7
7
7
5

;

‰CŠ ˆ

cs1 ‡ cs2 cs2 l1 ‡ cs1 l2 ÿ cs2 ÿ cs1

cs2 l2 ‡ cs1 l1 cs2 l22 ‡ cs1 l21 ÿ cs2 l2 ÿ cs1 l1
ÿ cs2 ÿ cs2 l2 cs2 0

ÿ cs1 ÿ cs1 l1 0 cs1

2

6
6
6
4

3

7
7
7
5

‰KŠ ˆ

ks1 ‡ ks2 ks2 l1 ‡ ks1 l2 ÿ ks2 ÿ ks1

ks2 l2 ‡ ks1 l1 ks2 l22 ‡ ks1 l21 ÿ ks2 l2 ÿ ks1 l1
ÿ ks2 ÿ ks2 l2 ks2 ‡ kt2 0

ÿ ks1 ÿ ks1 l1 0 ks1 ‡ kt1

2

6
6
6
4

3

7
7
7
5

;

…P† ˆ

0

0

P2

P1

2

6
6
6
4

3

7
7
7
5

; …X† ˆ

xs

hs

xu2

xu1

2

6
6
6
4

3

7
7
7
5

…2†

Here, ms, mu1 and mu2 are the masses of the vehicle body and the
front and rear wheels, respectively; Is denotes for the mass moment
of inertia for the vehicle body; cs1, cs2, ks1, and ks2 are the damping
coef€cients and the spring stiffnesses of the front and rear suspen-
sion, respectively; kt1 and kt2 are the front/rear stiffnesses; l1 and l2
are shown in Fig. 1 and l = l1 + l2.

The parameter hs is the rotation at the center of gravity and xs is
the vertical displacement of the vehicle body at the center of
gravity.

xs and hs are given by the following equations:

xs ˆ …l2xs1 ‡ l1xs2†=l hs ˆ …xs1 ÿ xs2†=l …3†

where xs1/xs2 are the vertical displacement of the vehicle body at the
front/rear suspension location, and xr1 and xr2 are the irregularity
excitation from the pavement surface at the location of front/rear
tire. P1 and P2 are the interaction forces between the front and rear
axle and the pavement, where

P1…t† ˆ kt1…xu1…t† ÿ xr1…t†† P2…t† ˆ kt2…xu2…t† ÿ xr2…t†† …4†

Ground vibrations due the axle loads P1 and P2 are determined
using the FLAC3D program, which is based on a 3D €nite difference
modeling. The material viscosity is considered using Rayleigh
damping for the energy dissipation through the medium [22] .
Absorbing elements based on viscous dashpots are used on the

Fig. 1. 4DOF half car model of the vehicle.
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lateral boundaries to reduce wave re•ection. These boundaries are
provided by Flac3D. Details of these elements are given by Lysmer
and Kuhlemeyer [23] . These boundaries are placed at a suf€cient
distance from the region of interest to minimize the effect of re-
•ected waves.

3. Validation of the numerical model

3.1. Description of the case study

The numerical model is validated using €eld data from
Lombaert and Degrande [7] , who measured ground vibrations
due to the passage of a Volvo FL6 truck on arti€cial road uneven-
ness at vehicle speeds between 23 and 58 km/h. Fig. 2 shows the
cross section of the road and the control points used in the €eld
measurements.

The road pavement consists of three layers: an asphalt top layer,
a crushed stone layer and a crushed concrete layer. Table 1 sum-
marizes the layer characteristics: the layer thickness d, the Poisson
ratio m, the Young's modulus Eand the density q. The subgrade soil
layers are mainly composed of loam. Their characteristics are sum-
marized in Table 2.

Two kinds of road unevenness can be distinguished: local road
unevenness, which is only present at a limited distance along the
road, and global road unevenness, which corresponds to the overall
unevenness along the road. In the present survey, the arti€cial
unevenness is taken as a traf€c plateau with two ramps and a •at
midsection, as illustrated in Fig. 3. The unevenness height is equal
to H = 0.054 m, two slopes of length l = 0.3 m and a •at top part
with a length L = 1.3 m.

3.2. Axle load

The axle load is calculated using Eq. (1). The car parameters are
summarized in Table 3. The road unevenness pro€le is expressed in

the time domain in terms of the vehicle speed. Eigen analysis gives
the Eigen modes of the truck, 10.8 and 12.4 Hz, which correspond
to the front and rear axle hop, and 1.9 and 1.4 Hz, which corre-
spond to the body bounce and pitch of the front and rear axle,
respectively.

Fig. 4 displays the front axle load of the truck for two vehicle
speeds,V = 30 and 58 km/h. The results are in good agreement with
those obtained by the frequency response functions (FRF) [7] .

3.3. Finite difference modeling

3.3.1. Model description and axle load implementation
The €nite difference mesh used in the numerical modeling is

illustrated in Fig. 5. It includes 53,130 8-node elements. The size
of the model is 30 � 21 � 15 m 3 (length/width/depth). The mesh
is re€ned in the vicinity of pavement layer where the element size
is 0.3 � 0.3 � 0.15 and increases gradually when approaching
boundaries along the x and z axes. Due to the symmetry of both
the geometry and loading, half of the domain is considered.

Calculations are performed with the following boundary
conditions:

• The base of the soil mass is assumed to be rigid.
• The x displacements are €xed along the symmetry plane y•z .
• Viscous dashpots are used at lateral boundaries.

A Matlab subroutine is developed to automatically apply the
axle load on the €nite difference model. The vehicle path at the
pavement surface is discretized by square elements (0.3 m 2) that
correspond to the wheel footprint. The axle load is applied on
the path elements as a pressure deduced from the time-domain
axle load and the vehicle speed as follows:

• The passage time over an element of a size Dx (0.3 m in our
case) for a vehicle speed V is DT = Dx/V.

• The axle load is divided in the time domain into L intervals of
width equal to DT.

The axle load is discretized using a time step Dt = 0.0005 s. This
time step is adequate to correctly reproduce the load movement.
For example, for a vehicle speed of V = 60 km/h, the time required
to pass over an element of 0.3 m is approximately DT = 0.018 s, so
the applied pressure is represented by n = DT/Dt = 36 points for
each element.

Truck 
Direction Position of control points

Traffic 
plateau

X1
X2

Xn

6.2 m

Fig. 2. General road layout used in the experimental study.

Table 1
Characteristics of the road pavement layers.

Layer type D (m) m q (kg/m 3) E (MPa)

Asphalt 0.15 0.33 2100 9150
Crushed stone 0.2 0.45 2000 500
Crushed concrete 0.25 0.45 1800 200

Table 2
Characteristics of the subgrade soil layers.

Layer D (m) m q (kg/m 3) E (MPa)

1 0.5 0.33 1900 57
2 0.5 0.33 1900 133
3 1.5 0.33 1900 223
4 6 0.47 2000 322
5 1 0.47 2000 1288

L=1.3 m

L+2 =1.9 m

H
=

0.
05

4m

Fig. 3. Longitudinal pro€le of the road unevenness.

Table 3
Parameters of the vehicle [7] .

ms = 9000 kg ks1 = 0.32 � 106 N/m cs1 = 10,050 N s/m
Is = 35,000 kg/m 2 ks2 = 0.61 � 106 N/m cs2 = 16,000 N s/m
mu1 = 400 kg kt1 = 1.5 � 106 N/m l1 = 3.72
mu2 = 600 kg kt2 = 3 � 106 N/m l2 = 1.49
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3.3.2. Numerical results
Figs. 6 and 7 show a comparison of the predicted velocities

using the numerical model and the €eld data reported in [7] for
a vehicle speed of V = 30 km/h. Both the vertical and transverse
particle velocities ( Vz and Vx) are compared at distances of
X = 8 m and 16 m from the load axis. The horizontal vibration Vy

is relatively small and is ignored in this study.
A good agreement is observed between the numerical results

and the €eld data. Results in the vertical direction Vz are of the
same order of magnitude for X = 8 m and X = 16 m. In the trans-
verse direction, the numerical model gives acceptable results at
X = 8 m but underestimates the velocity at X = 16 m.

The velocity time history includes two parts. The €rst one cor-
responds to the passage of the €rst axle on the traf€c plateau,
and the second corresponds to the passage of the second axle.
For each part, two principal peaks are observed; they correspond

Fig. 4. Time history of the front axle load for the passage of the vehicle on the road unevenness at a vehicle speed (a) V = 30 km/h, (b) V = 58 km/h.

Fig. 5. 3D numerical mesh with adsorbing viscous boundaries (57,936 nodes,
53,130 elements) pavement and subgrade soil layers (see Tables 1 and 2).

(a) X=8m (b) X=16m

Fig. 6. Time history of measured and predicted free €eld vertical particle velocity Vz • Vehicle speed V = 30 km/h (predicted: solid line; measured: dashed line).

(a) X=8m (b) X=16m

Fig. 7. Time history of measured and predicted free €eld transverse particle velocity Vx • Vehicle speed V = 30 km/h (predicted: solid line; measured: dashed line).
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to phases of the mounting and descent of the traf€c plateau,
respectively. The time interval between the two parts corresponds
well to the time required for the second axle to reach the traf€c
plateau.

4. Parametric analysis

This section presents a parametric analysis of the in•uence on
ground vibrations of key parameters such as the vehicle speed,
the type of speed cushions generally used in France and the sus-

pension system. Analyses are conducted with the data from the
validation example.

4.1. In•uence of the vehicle speed

Table 4 and Fig. 8 show the in•uence of the vehicle speed V on
the induced ground vibrations. The vehicle speed greatly affects
the ground vibrations. The attenuation of the peak particle velocity
Vz (resp. Vx) due to the radiation and material damping is illus-
trated in Fig 8a (resp. Fig. 8b). This attenuation could be expressed
as follows:

Ln…Vz=V† ˆ aX ‡ b …5†

X denotes the distance from road center, and a and b are constants
dependent on the road unevenness con€guration and the soil char-
acteristics. A similar formula could be derived for the vibration Vx.

4.2. In•uence of the surface unevenness

Analyses were conducted with a vehicle speed V = 36 km/h for
three types of speed reducers ( Fig. 9). They correspond to the

Table 4
In•uence of the vehicle speed on the ground vibrations ( Vz in mm/s).

Vehicle speed (km/h) Distance from the road center (m)

4 8 12 16 20 24

15 0.57 0.322 0.22 0.16 0.116 0.114
30 2.361 1.335 0.812 0.485 0.459 0.437
45 3.07 1.44 0.9 0.75 0.605 0.519
60 3.78 1.925 1.467 1.24 1.14 0.86

Fig. 8. In•uence of vehicle speed on the free €eld particle velocity in both (a) transversal and (b) vertical directions.

(a) Speed Cushion (Case 1) 

(b) Short hump (Case 2)

(c) Trapezoidal traffic calming (Case 3) 

Fig. 9. Different pro€les of speed reducers used in the numerical model.
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French regulations given by the center for studies on urban plan-
ning, transportation and public facilities [24] . The speed cushion
(case 1) has a total length of 2 m and a height of 0.06 m; it includes
two ramps of 0.5 m. The short hump (case 2) has a sinusoidal shape
that is 420 mm in width and 50 mm in height. The wide trapezoi-
dal traf€c calming (case 3) has a •at top part of 3 m and two ramps
of 1 m in length.

Fig. 10 shows the front axle load induced by the passage of the
vehicle on different speed reducers. The short hump (case 2) in-
duces the highest load. Fig. 11 shows the frequency content of
the front axle load. For the speed reducers 1 and 3, the dominant
frequency is close to 2 Hz, which corresponds to the pitch and

bounce mode, while the dominant frequency of speed reducer 2
is close to 10 Hz, which corresponds to the axle hop mode. In all
cases, the frequency content is mainly situated below 20 Hz. This
result agrees well with measurements realized in [4] .

Tables 5 and 6 summarize the in•uence of the speed reducer on
the ground vibrations induced by the vehicle passage. The short
hump (case 2) produces the highest response despite its lower
height. Furthermore, the ground vibration in this case exceeds
the threshold of vibrations allowed in urban areas. This result
meets the recommendation of the UK Department of Transport,
which limits the height of humps used as a traf€c-calming measure
in proximity to buildings to 40 mm [25] .

The comparison between the speed cushion (case 1) and the
trapezoidal traf€c calming (case 3) shows that the ramp slope lar-
gely affects the ground vibration. The vibration level of the 1st case
is higher than that of the 3rd case despite the greater height of the

Fig. 10. Time history of the front axle load induced by different speed reducers • V = 36 km/h.

Fig. 11. Frequency content of the front axle load induced by different speed reducers • V = 36 km/h.

Table 5
In•uence of the speed reducer geometry on the ground vibrations ( Vz in mm/
s)(V = 36 km/h).

Case Distance from the road center (m)

4 8 12 16 20 24

(1) 1.45 0.57 0.42 0.36 0.29 0.19
(2) 6.48 2.46 2.08 1.97 1.52 0.93
(3) 1.02 0.43 0.28 0.18 0.15 0.13

Table 6
In•uence of the speed reducer geometry on the ground vibrations ( Vx in mm/s)
(V = 36 km/h).

Case Distance from the road center (m)

4 8 12 16 20 24

(1) 1.25 0.76 0.49 0.31 0.26 0.21
(2) 4.82 4.27 3.06 1.41 1.23 0.85
(3) 0.69 0.43 0.28 0.16 0.13 0.12

Table 7
Characteristics of the suspension systems.

Suspension type Vertical stiffness (N/m) Damping coef€cient (N s/m)

Air suspension 0.4e6 10,000
Leaf spring 2e6 10,000

Table 8
In•uence of the suspension system on the ground vibrations ( Vz mm/s) V = 36 km/h
(Case 2).

Type of suspension Distance (m)

4 8 12 16 20 24

Air suspension 6.87 2.85 2.36 2.12 1.625 1.09
Leaf springs 6.38 2.53 2.00 1.87 1.43 0.97
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latter. The slope of the €rst case is equal to 12%, to be compared
with that of the 3rd case (10%). In Belgium, a slope of 5% is imposed
for road humps used by buses and heavy traf€c [26] .

4.3. In•uence of the suspension system

Experimental tests conducted by Hunaidi and Rainer [27]
showed that the modi€cation in the heavy vehicle suspension
could signi€cantly reduce the traf€c-induced vibrations. The sus-
pension of a heavy vehicle affects both the amplitude of the axle
load and the axle hop frequency. It mainly depends on the suspen-
sion vertical stiffness and suspension damping. The spring stiffness
is generally designed to be adjustable with the applied load. Leaf
spring and air suspensions are widely used. The leaf spring relies
on the Coulomb friction, while the air suspension relies on the
shock absorbers. In addition, the spring rate in the air suspension
system is highly dependent on the rate loading, which is not the
case in the leaf spring suspension system.

Table 7 gives the characteristics of the suspension systems used
in the analysis. They were selected according to typical suspen-
sions proposed in literature [28,29] .

Fig. 12a displays the front axle load due to the vehicle passage
at a speed of V = 36 km/h over the short hump (case 2). Fig. 12b
shows the in•uence of the suspension system on the dominant fre-
quency of the axle load. For the leaf spring system, the dominant
frequency (2 Hz) corresponds to a bounce and pitch mode, while
the hop axle mode is dominant for the air suspension system. Table
8 summarizes the results of the analysis on the ground vibrations.
The use of the leaf spring suspension leads to a reduction of about
10•20% in the vibration levels in comparison with the air suspen-
sion system. Fig. 13 shows a rapid attenuation in the ground vibra-
tion obtained with the leaf spring system, even for a relatively

large and long continuation of the front axle load with low fre-
quency (2 Hz).

5. Conclusion

This paper presented a numerical model for the analysis of the
ground vibrations resulting from road traf€c. A car model with
4DOF was used to determine the load due to the road irregularity.
A 3D €nite difference model was then used for the determination
of the traf€c-induced ground vibrations. The validation of numer-
ical model on €eld data gave satisfactory results and showed the
capacity of the proposed model to reproduce the ground vibrations
resulting from the road traf€c.

Analyses showed that both the amplitude and frequency of the
traf€c-induced ground vibrations were affected by the vehicle
speed, the geometry of the speed reducer and the vehicle suspen-
sion system. On the basis of the numerical results, short humps
should be avoided, and preferences should be given to the leaf
spring vehicle suspension system.

The numerical model can be used for analysis of the traf€c-in-
duced ground vibration in the presence of superstructures or bar-
riers. It is also useful for the analysis of technologies proposed for
the reduction of both the traf€c-induced vibrations and their im-
pact on the environment.
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