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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.

g 2004 Elsevier Ltd. All rights reserved.

Keywords:Finite element; Group; Inclination; Micropiles; Seismic; Three-dimensional

1. Introduction the use of inclined piles in seismic zone is prohibited
whereas soil reinforcement could contain inclined elements.
The use of micropiles in seismic retro®tting or in new The seismic Eurocode ECS8 indicates that inclined piles
construction in seismic zones requires a thorough analysisshould not be used for transmitting lateral loads to the soil,
of the seismic-induced response for groups of micropiles but in any case, if such piles are used they must be designed
with inclined elements. As a matter of fact, as the stiffness to safely carry axial as well as bending loading (Eurocode
and resistance of vertical micropiles to lateral loading is EC 8[2]).
generally small, the use of inclined micropiles presents a  As reported by Gazetas and MylonaKi], in recent
potential alternative to withstand inertial forces and to years evidence has been accumulating that inclined piles
ensure stability of the foundations system under seismic may, in certain case, be bene®cial rather than detrimental
loading. both for the structure they support and the piles themselves.
Use of micropiles in seismic area suffers from code One supporting evidence to this issue was noted during the
restrictions issued on piles. The seismic role of inclined Kobe earthquake. It was noted that one of the few quay-
piles has been considered detrimental based on severalyalls that survived the disaster in Kobe harbor was a
research-based arguments such as: (i) inclined piles maycomposite wall relying on inclined piles, conversely, the
induce large forces to the pile cap, or (ii) if inclination is not  near wall, supported on vertical piles, was completely
symmetric, permanent rotation may develop due to the geyastated. Furthermore, centrifuge tests and pseudo-static
varying_ stiffness of the pile group in _each direction. analysis carried out by Juran et &l showed that pile
According to the French recommendation (AFFE), inclination contributes to: (i) a decrease in both the pile cap
displacement and bending moment at the pile-cap connec-

* ing author. Telf 33-3-20-43-46-30; f -3-28-76- : i . .
Corresponding author. Tel} 33-3-20-43-46-30; faxt 33-3 tions and (i) an increase in the axial force.

73-01. X . — .
E-mail addressesmarwan.sadek@polytech-lille.fr (M. Sadek), isam. This paper attempts to analyze the in uence of micro-
shahrour@polytech-lille.fr (S. Isam). piles inclination on their response to seismic loading.

0267-7261/$ - see front mattgr 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.s0ildyn.2004.02.002
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Nomenclature Hgt height of the superstructure
25" VD, Ly micropile length
p~Vs )
dimensionless frequency N ax!al force . .
Beap acceleration at the cap level Npeag  axial _force at the head of micropiles
% amplitude of the seismic loading L/I 2323[:Jnr?1irr?0rr2f)rr]r:ent applied at the ca
ag acceleration at the superstructure mass level cap . 9 bp > cap.
f, natural frequency of the soil layer Mheag  Dending moment at the head of micropiles
fioad frequency of the seismic loading $ g:g;or?r:leiosrggclng
fst natural frequency of the superstructure ing . .
m, mass of the superstructure Theag  Shearing force at the head of micropiles
Apt micropile section Vs shear wave velocity
D micropile diameter a micropiles inclination with regard to the vertica
b )
Epl,  bending stiffness of micropiles axis i0 of th i
E Young's modulus of soil Ny Poisson ratio of the soi
< :
Heap  horizontal loading applied at the cap v pulsat.|on : . .
H thickness of the soil layer Ip damping ratio of the micropile
s Js damping ratio of the soil

Analysis is conducted using a full three-dimensional ®nite a large distance from the micropiles in order to minimize
element analysis (FEM) with PECPLAS ®nite element boundary effect as discussed in Rf. Periodic displace-
program|[5,6]. The results obtained in this study provide ment conditions are imposed at lateral boundaries of the soil
interesting information about the in'uence of micropiles mass. Analysis is performed in the time domain using the
inclination on seismic response of the soil+micropile+ implicit Newmark time integration scheme.
structure system. The ®rst part of the paper presents the This numerical model used in this study was checked on
numerical model used in this study. The second part a pile test conducted in a shaking table at Saitama
presents analysis of the seismic behavior of micropiles University [7]. The pile supports a superstructure with a
embedded in a homogeneous soil with a uniform stiffness, natural frequencyy;~ 7 Hz.Fig. 1shows the experimental
while the last part presents similar analysis for micropiles model and summarizes its geometrical and mechanical
embedded in a soil with a depth-based increasing stiffness.properties. The soil behavior is assumed to be elastic with
Rayleigh damping. Analysis was performed with two values
of the damping factorj © 10 and 12%. The damping
2. Numerical model Rayleigh parametersy and a, were determined from
Eq. (2) for the loading frequency ™ v,y,qT @ssuming an
Numerical simulations were carried out using the ®nite equivalent contribution of the stiffness and mass matrices
element program PECPLA,6]. A global three-dimen-  for damping.Fig. 1bpresents a comparison of recorded and
sional approach is used for analysis of the micropiles+soil+ computed accelerations of the pile at degth 0:275 for
structure interaction. The superstructure is modeled as adifferent values of the dimensionless frequenay”
single degree of freedom system composed of a concen-vD,/ (v; D, and Vs denote the loading frequency, the
trated mass and a column, while 3D beam elements are usegile diameter and the velocity of the shear wave,
to model micropiles. The behavior of the soil and structure respectively).Fig. 1c compares measured and computed
materials is assumed to be elastic with Rayleigh damping. amplitudes of strains along the pile for the dimensionless
The damping matrix€] results from a combination of the  frequencya,~ 0:03: It can be observed that the ®nite
mass and stiffness matrices element program reproduces correctly the pile test.

%S " ay WS +a %S Ay

whereay, anday depend on the material damping. For the 3. Micropiles in a homogeneous soil (case 1)
ith mode, the damping ratig; is related to the natural

frequencyv; by the following relation: 3.1. Presentation

. ay aVi Analysis is ®rst performed on a group of four micropiles

Ji v, ¥ 5 2t embedded in a homogeneous soil layer underlined by rigid
I

bedrock Fig. 2). The thickness of the soil layer is equal to
The seismic loading is applied at the base of the soil massH; = 15 m. An elastic constitutive relation with Rayleigh
as a harmonic acceleration. Lateral boundaries are placed atlamping is assumed for the soil+micropileststructure
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Fig. 1. Veri®cation of the numerical model on a pile test conducted using a shaking table (After Makrig'Bt al.
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Fig. 2. Problem under consideration.

system. Analysis was carried out with the following
characteristics for the soil material: Young's modulus of
the soilEs~ 8 MPa, Poisson's Ratia, = 0:45; damping
factorjs~ 5%: The fundamental frequency of the soil layer
is equal tof; = 0:67 Hz (/sH,; whereVs is the shear wave
velocity, Hs is the thickness of the soil layer).

Micropiles spacing ratio is equal ®D, ~ 5; D, denotes
the micropile diameter. The micropile lengthlig™ 10 m,
its axial and “exural rigidities are, respectively,
E,A, " 1100 MN andEgl, ~ 0:85 MN n?. The structure

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

Table 1b

Properties of micropiles

Bending stiffness Axial stiffness Damping ratio Length
(MN m?) (MN) (m)
Elp” 0:85 E,A,” 1100 Jp” 2% L,” 10

boundaries are placed at a distarRe” 60 m (240D)
from the central axis of the micropile-group in order to
minimize any boundary effect as discussed in Ref.

The seismic loading is applied at the base of the soil mass
as a harmonic acceleration. The amplitude of the load is
gy~ 0:2 g, while its frequencyfi,,qtis assumed to be equal
to the fundamental frequency of the soil layer
(f,” 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 cag.;2 is equal to 13.7.

At the superstructure mass level, the ampli®cation of the
accelerationag=ay attains a value of 17.88. This value is
about 30% higher thama .2yt 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

is modeled as a single degree of freedom system composedorce induced by the seismic loading &, ~ 1430 kN

of a concentrated mass;;~ 40 ton, and a column with a

.Mgagt At the micropiles cap level, it induces a

heightHg;” 1 m. Its ®xed base fundamental frequency is horizontal force Heapl ~ 1430kN and a moment

equal tofs;~ 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 Trable 1

Mcapt © 1430 KN m. Note thatMca,”
is the structure height.

The pro®les of the maximum bending moment and
shearing force clearly show the presence of a high inertial

FinHst; where Hg;

The ®nite element mesh used in the numerical simu- effect, which emerges in high values of internal forces in the

lations for inclined micropiles is shown iAg. 3. Itincludes

vicinity of the micropiles head. The pro®le of the bending

21,576 8-node elements and 34 3D-beam elements. Lateramoment depicts two peaks. The ®rst one is induced at the

Table 1la
Properties of the soil material

Mass
density
(kg/m?)

Case Young's modulus Poisson's Damping

ratio ratio

Case 1: constant rg~ 1700 8 MPa n” 045 js© 5%
stiffness
. p.zt 95 . A
Case 2: depth- rs” 1700 E.zt " Egy —— ng” 045 ji© 5%
increasing stiffness a
. .11 2K
pzt - LE 2olgz

3

ifz, zp;p.zt " p.zt
Eos~ 10 MPg;
p.~ 100 kPa

micropiles head Mpeaq~ 149 KN m), while the second
appears in the central part of the micropile
(Mcentrar~ 12 kN m). The ratio between the maximum
bending momentd/,q.g aNd M¢entear IS €qual 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
Nhead” 943 kN. It is due to both the shearing fordd.,f
and the momeniM,sFinduced by the inertial force. Since
Mcqp induces at the head of each micropile an axial force
NycapT = 572 kN m Mc,=2StT the shearing forceH qt
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 forte It
indicates high values df 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
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Fig. 3. 3D mesh used in the analysis of the soil+micropile+ structure system (21,576 8-node elements).

Theadt © 355 KN. It is equal to 25% of the inertial shearing
force .Heapt:

The ratio of the maximum axial stress due to the axial
force Nheadyp; WhereA,, is the area of the micropile cross-
section) to that induced by the bending moment
(MmaxDp=21,1 1, is the inertial moment of the micropiles
section) is equal to 0.1. This ratio clearly indicates that

force for inclined micropiles presents trends, which are
different from that observed using vertical micropiles.
Indeed, the later indicates a regular decreashlgf, 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

seismic loading causes severe bending at the micropilesmicropiles. The peak of the axial force is equal.tdeqxt

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.at ™ 208 with respect to the

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

vertical axis. It can be observed that seismic-induced lateral frequencies was investigated using the procedure proposed

acceleration is smaller than that induced in the vertical

by Gohl [8] and Tufenkjian and Vucetic9]. The

micropile case. The ampli®cation in the lateral acceleration acceleration response spectrum was determined using the

at the structure mass level iag=a,t 13.7, which is about

Fourier analysis of the free response of the group of

20% smaller than the one induced in the structure supportedmicropiles ¢ig. 69. Fig. 6b and cshows the spectra

by vertical micropiles.

Fig. 5b+ddisplays 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.

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

Indeed the maximum bending moment is reduced to the frequency of the soil+micropiletstructure system. Calcu-

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 momeM,, 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
Nheadt © 860 kN, which is close to that obtained with
the vertical micropile. The variation of the maximum axial

lations performed with inclined micropiles for the loading
frequenciesfi,,g~ 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 layeff,,o.q~ fiT 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-structurdy(”" 1:36 Hz). This result indicates
that micropiles inclination affects slightly the natural
frequency of the superstructureézig. 6¢ shows that
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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™ 208t (case 1).
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Fig. 6. In"uence of micropiles inclination on the natural frequencies of the
soil £ micropile system.
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Table 2
Dynamic ampli®cation in the vicinity of the fundamental frequency of the
soil layer

Frequency At the structure level At the cap level
g8yt -Bcap@g t

fioad - 0:65 Hz 12.1 10.2

fioad - 0:68 Hz 13.4 11.2

f|0adA f| (067 HZ) 13.7 115

[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. 7axcand Table 3 summarize results of the
numerical simulations obtained for four values of
micropiles inclination namelya ™ 0O; 7, 13 and 28 For
convenience, internal forces will be presented in term of the
following dimensionless quantities:

2 Axial force: .2N cos atS, t=myagHgt:
2 Shearing force:TNpeadh:
2 Bending moment:4M=mya Hg

Table 3 indicates that the increase in micropile
inclination from 0 to 2@induces a regular decrease in the
ampli®cation of the lateral acceleratiaa, t; which attains
16 and 23% at the cap and the superstructure mass,
respectively.

By further examination ofFig. 7a*¢ 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 im from 0 to 2@ 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

the second peak of the acceleration of the affected by presents FEM analysis related the behavior of inclined
micropiles inclination. It increases from 1.08 to 1.28 when micropiles embedded in a soil layer having a depth based-

micropiles inclination augments from 0 to &0This result

increasing stiffness. The Young's modulus of the soil is

agrees with results of centrifuge tests reported by Juran et al.assumed to increase with depth according to the following
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Fig. 7. In"uence of inclination on the seismic response of the group of micropiles (case 1).
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Table 3
In"uence of the inclination on the seismic response of micropiles (case 1;
Es~ constant)

Inclination (@) 08 78 138 208
Cap:acay 13.73 12.83 12.19 11.50
ss: 17.88 16.09 14.86 13.70
% 1.65 1.83 1.96 1.84
MgaHst
Theag 0.38 0.23 0.15 0.03
Nhead
Mneaq. 0.42 0.39 0.38 0.27
Mg agHs
relation
~ ZT 0.5
E.zt” Eg P at

a
Fig. 8. Pro®le of the Young's modulus for cases 1 and 2.

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

11 2Kqtgz it
3

This result is due to the fact that the natural frequency of the
soil in case 1.f#, "~ 2t is closer to the superstructure
natural frequency than that in case ., "~ 3:1t This
observation agrees well with those obtained by Shahrour
et al.[6].

Referring toFig. 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

p.zt”~ z, 7y p.zt " p.zt a4t
where z denotes depth,p, is a reference pressure
(100 kPa),Eqs designates the Young's modulus fpr"

P Kg is the coef®cient of lateral earth pressure at st,
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

Eos~ 10MPa, Ko~ 05 2" 1m. The variation of the in E5 on the axial force is more moderafd,,,, in case 2 is

Young's modulus W'th d?pth Is shown Iﬁg. 8.1t can be about 14% higher than that obtained in case 1. The increase
observed that the soil stiffness of the soil layer is smaller .

in the bending moment is due to the reduction of the soil
(for z, 39D;) than the value assumed for the constant _. . .
A . stiffness near the soil surface, which leads to an augmenta-
soil-stiffness case. The natural frequency of the soil layer

. tion of the lateral soil deformation and consequently causes
was calculated according to the procedure used by Gohl, . . . - . . .
" . : higher bending moment in comparison with that obtained in
[8] ‘and Tufenkjian and Vuceticl9]. It is equal to case 1. On the other hand, it can be noted that the in uence
f1 © 0:43 Hz. It is worth noting that this value is smaller ' ’

than that obtained for the soil layer with uniform soi of this variation on the shearing force distribution is
stifiness (case 1f, = 0:67 Hz) moderate. Its maximum values occurred at the head is
5 . .

The seismic loading is applied at the base of the soil maSsgoverned by the acceleration at the mass level (7% variation

as a harmonic acceleration whose amplitude and frequencfew\'een cases 1 and 2).
are equal taag "~ 0:2 g andfi,,q~ 0.43 Hz .f;T. The ®xed
base fundamental frequency of the superstructure is4.3. Group with inclined micropiles
maintained tdy;~ 1:36 Hz.
Fig. 10andTable 4illustrate the in"uence of inclination
4.2. Groups of vertical micropiles on the seismic response of micropiles. Compared with the
homogeneous soil case, same trends are observed. The

Fig. 9shows the in"uence of the soil stiffness variation in lateral acceleration in the superstructure decreases with the
the soil layer on the overall response for the group of increase in the micropiles inclination. The augmentation of
vertical micropiles. It can be noted that the ampli®cation of the micropiles inclination from 0 to Bleads to a decrease
the acceleration in the superstructure for cases@ac,,” in .asa,Tfrom 16.67 to 9.88 and to a decreasedp,;a,T
1:14fis smaller than that obtained in caseal=ac,,~ 1.3t from 14.61 to 10.14.
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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. 10. In"uence of inclination on the seismic response of the group of micropiles (case 2).

Fig. 10atcclearly shows that the increase in micro- 0 to 28 The normalized shearing forc&i). 100 shows
piles inclination strongly affects the distribution of a different trend pro®les. The maximum normalized
internal forces in micropiles. While the increase in the shearing at the head of micropiles decreases from 0.312
micropiles inclination does not strongly affect the for vertical micropiles to 0.201 foe ™ 7§ and reaches a
maximum normalized bending momeM,,; it causes an  value of 0.08 fora”™ 208 For this inclination, the
increase in the normalized axial force from 2.01 to 4.44 maximum shearing force reaches a peak value of about
(an increase of 220%) when the inclination increases from 0.082 at deptle” 7D
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shearing forces and bending moment induced by seismic
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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. -
study is carried using a fully three-dimensional ®nite element modeling. The soil is assumed to be elastic with Rayleigh damping. TI
superstructure is modeled by a single degree of freedom system composed of a concentrated mass and a column. The study is carried out fol
vertical and inclined micropiles. The results of analyses show that a pinned connection between the micropiles and the cap leads to a reductic
the axial force and bending moment in micropiles, in particular for inclined micropiles. They also show that the embeddement of the tip ¢
micropiles in a stiff substratum layer leads to a dramatic increase in the internal forces in the micropiles.

g 2005 Elsevier Ltd. All rights reserved.

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

1. Introduction which results from the interaction between piles and soils
[8+12] The latter is particularly signi®cant in layered soils
Micropiles systems present signi®cant advantages for theith strong discontinuitie§13+15]
construction in seismic areas, mainly “exibility, ductility and  Methods based on Winkler model are generally used for the
capacity to withstand extension forces. Micropiles can be usednalysis of the seismic response of pile foundatifirta+18]
as foundation support of new structures as well as for seismi¢hese methods are based on simpli®ed hypotheses of the soil
retro®tting of structures, which have suffered seismic damag@edia, which permit to conduct analyses with little compu-
[1+6]. Finite element analyses showed that the inclination oftation effort. More rigorous methods were also used to analyze
micropiles leads to a better mobilization of the axial stiffnessthe seismic response of pile foundations, namely the boundary
and consequently to a decrease in the seismic-induced bendiggment methol9,20]and the ®nite element meth[1+23]
moment and shearing force]. These analyses were In this paper, analysis of the seismic response of micropiles is
conducted for micropiles soil assuming a fully ®xed connectiorfarried out using a global three-dimensional ®nite element
between the micropiles and the cap and a free tip. This papdhodeling which includes in the same calculation soil,
aims at analysing the in“Uence of the type of connection at botHmicropiles, cap and structure. Consequently, it takes into
the head and the tip of micropiles on their seismic performancec_onsideration both the kinematic and inertial interactions.
Analysis of the seismic response of micropiles mustNumerical simulations were carried out using the ®nite element
consider both the inertial and kinematic interactions. IndeedProgram PECPLA$24,25], which was checked on a pile test
post-earthquake investigations and analytical and numericgonducted in a shaking table by Makris et [@6]. Results of

analyses show that damage of piles in seismic area results frofpe veri®cation are presented[ﬁ]. o
the inertial effect which is due to the interaction between 'Nne @rstpartof the paper discusses the in uence of the type

structure and pile foundation and from the kinematic effect®f 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

* Corresponding author. investigated using full-scale ®eld tests by Mokwa and Duncan
E-mail addressisam.shahrour@polytech-lille.fr (I. Shahrour). [27]. Experimental results showed that a fully ®xed-head
0267-7261/$ - see front mattgr 2005 Elsevier Ltd. All rights reserved. condition at the top of a group of laterally loaded piles can

doi:10.1016/j.s0ildyn.2005.10.003 result in incorrect estimates of the magnitude and the location
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of maximum bending moments. Since, the micropilesaccording to the following relation:

resistance to “exure is very low, a reduction of the seismic- 05

induced bending moment in micropiles constitutes a majorEs_ZTZ Eqo p.zt - @

issue for their use in seismic areas. In addition to the use of Pa

:Sr']r;d em.'ﬁrtth:lii’nt:;{?gsi;i?foit ;ﬁ?ﬂig&ec;?;i?ge-g where p denotes the mean stress due to the soil self-weight

'ge In the ' " 'CrOP€Shich is expressed as:
on their seismic performances.
ith int 1C 2KgTgz .

The second part of_ the paper Qeal_s W|th_|n uence of tr_]e 2t oTo if 21 2, p.ztZ p.zot @)

embeddement of the tip of micropiles in a stiff layer on their 3

seismic performances. This case can be encountered Wh‘%ndenotes depthp, is a reference pressure (100 kP&,
. . . . . . a
micropiles are used in a soft soil overlaying a stiff SUbStratumdesignates the Young's modulus fQZ p.; Ko is the

According to analyses presented by Kavvadas and Gazet@gefpcient of lateral earth pressure at restdesignates the
[28], the use of vertical piles in layered soil with a high stiffness thickness of the soil layer that is closest to the surface, which is
contrast leads to a large increase in the bending moment arngksymed to have a constant Young's modulus. Numerical
shear forces near the layers interface. This issue is discussed iQmylations were performed witlEseZ 10 MPa, KoZ 0.5,
both vertical and inclined micropiles. zZ 1 m. The Poisson's ratio of the soil is assumed constant
nZ 0.45. The computed natural frequency of the soil layer is
equal tof;Z 0.43 Hz. The superstructure is modeled as a single
2. Numerical model degree of freedom system composed of a concentrated mass
_ mgZ 40 ton, and a column with a heightZ 1 m. Its ®xed
This section deals with the analysis of the in uence of thepase fundamental frequency is equaf4@ 1.36 Hz.
®xity condition between micropiles and the cap on the seismic Micropiles are modeled as 3D beam elements. They are
performance of a group of four micropiles embedded in a soikonnected to the cap, which is assumed to be free of contact
layer underlined by rigid bedrocle{g. 1). The thickness of the  with the soil. The thickness of the cap is equal to 0.3 m and its
soil layer (Hs) is equal to 15 m. The behavior of the soil ismass is equal to 3 ton. Numerical simulations were conducted
assumed to be elastic with Rayleigh material damping. Thavith the following characteristics for micropiles: length
Young's modulus of the soil is assumed to increase with deptt.,Z 10 m,  diameter D,Z 0.25m, axial stiffness

Fig. 1. Problem under consideration.
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Table 1a
Properties of the soil material
Mass density (kg/rf) Young's modulus Poisson's ratio Damping ratio
Soil with depth-increasing stiffness rZ 1700 Es.ZIZ Ego.p.zip,° nZ 0.45 XZ 5%
p.ziz EXMZ if 721 75, p.ZiZ p.zt
EoZ 10 MPa
pZ 100 kPa
Table 1b
Properties of micropiles
Length (m) Diameter (m) Bending stiffness (MNjm Axial stiffness (MN) Damping ratio
L,Z 10 0.25 EplpZ 0.85 EpAZ 1100 XpZ 2%

Ep,ApZ 1100 MN, “exure stiffnessEyl,Z 0.85 MN n? and  This decrease is equal to 71% for vertical micropiles and to
micropiles spacing rati&,/DpZ 5. The mechanical properties 83% for inclined micropiles. The pinned-connection leads also
of the soil and micropiles are summarizedTiables 1a and.b to a signi®cant reduction in the axial forces in the vertical

Lateral boundaries are placed at a large distance from thmicropiles (90%, regarding the ®xed-head connection) and to
micropiles in order to minimize the boundary effect asan important decrease in the shearing forces in the inclined
discussed in Shahrour et §9]. micropiles (65%).

Calculations are conducted for both vertical and inclined Results obtained with the mass of the superstructure
micropiles. The inclination of micropiles is equal &Z 208  (mgZ 40 ton) at the fundamental frequency of the soil layer
from the vertical axis. The ®nite element mesh used inf,,4Z f;) are summarized ifables 3a and.biThe comparison
numerical simulations for the inclined micropiles is depicted inof these results with those obtained with zero structural mass
Fig. 2 It includes 21,576 8-node elements and 34 3D-beanshows that the mass of the superstructure leads to an important

elements. increase in the dynamic ampli®cation at the cap of the vertical
The seismic loading is applied at the base of the soil mass agicropiles, in particular with pinned-connection. For the latter,
a harmonic acceleration with an amplitugdgZ 0.2 g. 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.

Calculation was ®rst carried out for zero structural mass in _ Analysis of computations conducted with inclined micro-
order to analyze the in uence of the type of connection on the?!leS Shows that the mass of the superstructure causes a
kinematic response of the group of micropil@ables 2a and b Moderate increase in the dynamic ampli®cation at the cap
summarize results of computations conducted at the fundd€vel- This increase is equal to 16% for pinned connection and
mental frequency of the soil layerfi(oZ f,Z 0.43 Hz). (© 11% for the ®xed-head connection.

It shows that a pinned connection induces a moderate increasable 2a
in the dynamic ampli®cation at the ca/ag), which is equal  In'uence of the micropiles-cap connection on the seismic response of vertical
to 4% for vertical micropiles and to 10% for inclined micropiles with zero structural mastZ(fy; muZ 0; MeaZ 3 tON)

2.1. Numerical results

micropiles. As expected, the pinned connection allows for an Pinned-head Fixed-head
important reduction in the bending moment in the micropiles. - i 0 Ciecation at the cambfa) 113 109

Mmax (KN m) 18 62

Nrmax (KN) 11 111

Trmax (KN) 18 19

Table 2b

In"uence the micropiles-cap connection on the seismic response of inclined
micropiles with zero structural mast(f;; ms; Z 0; meaZ 3 ton)

Pinned-head Fixed-head

Dynamic ampli®cation at the cag.gJag) 10.0 9.1

Mpax (KN m) 23 133

Nmax (KN) 889 956
Fig. 2. 3D mesh used for the ®nite element analysis of the soil-micropile, . (kN) 18 52

structure system with inclined micropiles (21576 8-node elements).
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Table 3a in the micropiles:
In"uence of the micropiles-cap connection on the seismic response of vertical
micropiles €Z f;; 40 ton; 3ton 2N

piles Z f; mZ MeaZ 3 ton) N 7 NS (32)

Pinned-head Fixed-head My@stHst
Dynamic ampli®cation at the cam.tJa,) 16.54 14.61 aM
Dynamic ampli®cation at the mass of the  18.60 16.67 M Z —— (3b)
superstructureag/ag) My@sHs
Mmax (KN m) 216 258
Nmax (KN) 741 1077 T
T Z 3c

Tmax (kN) 374 336 Tcap ( )

For vertical micropiles, the maximum bending moment with
Table 3b a pinned-connection occurs at a depih 5D, It is equal to
In"uence the micropiles-cap connection on the seismic behavior of inclined\g* 7 0.58. which is about 30% lower than that induced at the
micropiles (Z fx; MyZ 40 ton;Mea,Z 3 ton) top of ®xed-head micropiles. The maximum normalized axial
Pinned-head Fixed-head force decreases regularly with depth for both the pinned and

Dynamic ampli®cation at the cag(/ag) 11.59 10.14 head-®xed connections. The maximum axial fofd&) (vith
Dynamic ampli®cation at the mass of the 9.75 9.88 pinned-connection is about 30% lower than that induced in
superstructureag/ag) ®xed-head micropiles.

Mmax (KN m) 38 171

N (kN) 1334 1500 For inclined .mlcrop|les, the maximum bending moment
T (N) 79 66 Mpaxt f_or the pinned-head conneptlorj occurs at a degzth
3Dy, It is equal toMp,Z 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

The in uence of the type of connection on the maximum peak atzZ 24D, owed by a decrease. The maximum axial
nding momen is moderate for vertical micropil P . . ;
bending momentNima,) is moderate for vertical micropiles but force for pinned-head micropiledN,t is about 10% lower

signiwcant forincined microples. Inceed, regarding ine xedtyan that obtained with the full-®xed condition.

, pinned-connection leads to a decrease 0

16% in M. for vertical micropiles and to 77% for inclined B

micropiles. 2.2. In uence of the type of connection at the tip of micropiles
Tables 4a and $how results obtainend for two additional

values of the loading frequency (‘odgZ 0.5 and 2). Analysis 2.2.1. Numerical model

of these results shows that the pinned-connection in"uences This section deals with the in"uence of the embeddement of

moderately the bending moment in vertical micropiles, but itthe micropiles tip in a rigid substratum on their seismic

leads to an important decrease in the bending moment in theesponse. The study is carried out for both vertical and inclined

inclined micropiles (about 85%). These results agree with thosenicropiles assuming a fully ®xed connection between the

obtained at the fundamental frequency of the soil layer. micropiles and the cap. The results obtained in the previous
Figs. 3 and 4how the in uence of the type of connection on section for micropiles with a free tip are compared to results

the distribution of the maxima of the normalized internal forcesobtained for micropiles embedded in two layered soil as

Table 4a
In"uence of the micropiles-cap connection on the seismic response of vertical micrapi&s40 ton;mg,Z 3 ton)

fIoadz 0-5f1 fIoadZ 2fl

Pinned-head Fixed-head Pinned-head Fixed-head
Dynamic ampli®cation at the capcfdag) 9.7 8.3 8.2 6.6
Dynamic ampli®cation at the mass of the superstructyag) 10.9 104 9.4 8.4
Mmax (KN m) 121 138 106 102
Table 4b
In"uence the micropiles-cap connection on the seismic behavior of inclined micropilgs 40 ton;m.,Z 3 ton)

fioadZ 0.5 floadZ 2f1

Pinned-head Fixed-head Pinned-head Fixed-head
Dynamic ampli®cation at the cap.{gag) 7.1 5.1 2.7 1.6
Dynamic ampli®cation at the mass of the superstructayag) 3.89 3.88 1.0 0.83

Mumax (KN m) 8 55 3 21
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mg=40 T

Pinned-head 32
----- Fixed-head

32

40 P I I B | 40 .
0 0.2 0.4 0.6 0.8 0 0.6 1.2 1.8 2.4

(4-M) / (mst-ast'Hst) (2-N-Sp) / (mst-ast'Hst)

Fig. 3. In"uence of the micropiles-cap connection on the seismic response of vertical micropiles (a) normalized bending moment; (b) normalized axial force.

illustrated inFig. 5. The upper layer corresponds to that used infrequency fi,a¢Z 0.56 Hz which is equal to the natural
the previous sectionT@bles 1la and )o The bottom layer is frequency of the layered soil.

composed of a soil that is stiffer than the upper soil with a

stiffness coef®cienEseZ 1000 MPa, which is equal to 100 3, Results

times of that of the upper layer. The embeddement of the

micropiles in the stiff layer is equalB},. The natural frequency 3.1. Vertical micropiles

of the layered soil is equal teZ 0.56 Hz, to be compared with

the natural frequency of the superstructufiZ 1.36 Hz. Fig. 6 and Table 5summarize results obtained for vertical
Calculations with the layered soil were carried out for amicropiles with a free tip and for micropiles with a tip
harmonic acceleration applied at the base of the soil mass areimbedded in the stiff layer. It can be observed that the
composed of 15cycle with an amplitudgZ 0.2g and a embeddement of the micropiles tip in a stiff layer greatly

mg =40 tons

@ O =_T "~ T % FT (b) O —T—
8 e - 7 X 8 T
16, 7 _lef 7
[a) L - a) L -

PN L *
241 N ] 241 N
L ] | L ]
|

32 Pinned-head| m 32 N
T Fixed-head - 20! i ]

40 L | L | L | L | 40 L | L | L | L
0 0.25 0.5 0.75 1 0 2 4 6 8

4.M [ (mgr.ag.Hgp) (2.N.S.cosa) / (Mg.aq.Hgy)

Fig. 4. In uence of the micropile-cap connection on the seismic response of inclined micropiles.
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Fig. 5. Group of vertical micropiles with a tip embedded in a stiff substratum.

affects their seismic response. The bending moment pro®le in Fig. 6(c) shows the pro®le of the shearing force. It is seen
the layered soils shows two maxima. The ®rst one occurs at thbat the embeddement of micropiles in a stiff layer results in a
connection between the micropiles and the cap. It is equal ttarge increase in the shearing force at the interface between the
M*Z 2.1, which is about four times that obtained for two layers. The normalized shearing force at the interface is
micropiles with a free tip. The second maximum appears aequal toT*Z 0.488, to be compared to the shearing force at the
the interface between the two layers. It is also very highhead of micropiles with a free tif*Z 0.25.
compared to the bending moment in micropiles with a free tip.

The pro®le of the axial forces is depictedFig. 6(b) Itcan  3.2. Inclined micropiles

be observed that the embeddement of micropiles in a stiff layer
results in a large increase in the axial force. The axial force in  Fig. 7 and Table 6summarize results obtained for a group

the upper layer is fairly constant, which means that the axiabf micropiles inclined 28to the vertical axis. It is evident
force is mainly developed in the bottom layer. The axial forcethat the embeddement of the inclined micropiles in a stiff
at the head of micropiles is equal M Z 3.37, which is about layer results in a dramatic increase in the internal forces. The
70% higher than that induced in the micropiles with a free tip.bending moment shows two maxima. The ®rst one occurs

(a) 0 (b) 0 T T T T LI (C) 0 T T T
‘
- : B -
10 10 I 10 .
I
20 - 201 ! N 20 1
o o 4 o
[a ;o f 4 o 1
; x ‘I X \
30 b 301 ! N 30, 1
I N N
- :I T > ~ N 7
40 - 401 ,,x{ ] 401 \\\ .
50 L | L | L | L 50 L 1 L 1 L 1 L 50 L | L | L | L
0 0.6 1.2 1.8 2.4 0 1 2 3 4 0 0.15 0.3 0.45 0.6
(4.M) [ (mg.as.Hgy) (2.N.Sp) / (mgr.a5.Hgy) T/ Teap
(a) Normalized Bending moment (b) Normalized Axial force (c) Normalized Shearing force

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.



Table 5

M. Sadek, I. Shahrour / Soil Dynamics and Earthquake Engineering 26 (2006) 461+468

467

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.(dag) 14.61 15.91
Dynamic ampli®cation at the mass of the superstrucagay) 16.67 19.00
Mhead(KN m) 258 795
Nhead (kN) 1077 2049
TheadkN) 336 445
(@ O T T T T F=T (b) T T T (c O L I L A B
/7 \L <. ~o i
10 P Y . 10 AN 7
7 - \\ /I
o 20 B 4 ’ i 7 o \\\ T 20 i ’ ‘ ’ )
[a) e ] o \ [a) e |
; ,j/ ; L\ ; I/
30[ T \ T 301 T
L — 1 layer ' AN
. T 2 layer . 1 L o 1
a0F Tl . R 40 .
—— A .
50”'."'(”.--] R Qb1 1.1 50 P R R B
0 5 10 15 20 0 175 35 52.5 70 0 1 2 3 4
(4.M) / (mg.ag-Hgp) (2.N.Sy.cosa) / (Mg.ag.Hgy) T/ Teap

(a) Normalized Bending moment (b) Normalized Axial force (c) Normalized Shearing force

Fig. 7. In"uence of the embeddement of the micropiles tip in a stiff layer on the seismic response of inclined micropiles.

near the micropiles head, while the second is induced at thd. Conclusions
interface of the two layers. The maximum bending moment
is equal toM*Z 20, to be compared with the maximum  This paper included a three-dimensional ®nite element
bending moment in free-tip micropilesV*Z 0.9. The analysis of the inuence of the ®xity conditions at the
maximum shearing force in the micropiles embedded in themicropiles head and tip on their seismic performances. The
stiff layer is equal toT*Z 3.8, which is about 15 times of study was conducted for both vertical and inclined
that induced in the micropiles with a free tip. The maximum micropiles.
axial force in the micropiles embedded in the stiff layer also The results of numerical analyses show that a pinned
occurs at the interface between the two layers, with a valueonnection between the micropiles and the cap leads to a
N*Z 54, which is equal to about 27 times of that induced inreduction of the axial force and bending moment in the
the micropiles with a free tip. The high value of the axial micropiles. The reduction is more signi®cant for inclined
force in micropiles with a tip embedded in the stiff layer micropiles. For a group of four micropiles inclined @ the
requires a risk assessment for buckling. 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
Table 6 particular at the interface between the two layers. The
In"Uence of the embeddement of the micropiles tip in a rigid substratum on themaximum axial force for a group of four micropiles inclined
seismic response of inclined micropiles 208to the vertical axis in a layered soil is abut 27 times of that
obtained in micropiles with a free tip. These ®ndings indicate

Free tip Embedded tip
Dynamic ampli®cation at the capcday) 1014 2.26 that the embe-dderr.lent pf t_he mlcroplles tip into Stlf:'f Ia_yer
Dynamic ampli®cation at the mass of the 9.88 1.95 should be avoided in seismic areas, in particular for inclined
superstructureag/ag) micropiles.
'\N"head((lfl\'\l‘)m) ;gg 1832 Results presented in this paper were obtained assuming an
head elastic-linear behavior for the soil. Since, severe seismic
Thead(KN) 38 328

loading induces plasticity in the soil-micropile system,
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SUMMARY

This paper includes an investigation of the in"uence of thitstructure interaction (SSI) on the fun-
damental period of buildings. The behaviour of both the aaill the structure is assumed to be elastic.
The soil-foundation system is modelled using translatiana rotational discrete springs. Analysis is ®rst
conducted for one-storey buildings. It shows that the imem of the SSI on the fundamental frequency

of building depends on the soiltstructure relative rigiditss. Analysis is then extended for multi-storey
buildings. It allows the generalization of the soiltstwretrelative rigidityKs to such complex structures.
Charts are proposed for taking into account the in uence of the SSl in the calculation of the fundamental
frequency of a wide range of buildings. Copyright2007 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Building codes generally use the fundamental period ofdmgs to assess their response to
seismic loadings. This parameter is generally calculatdguempirical formulas provided by
seismic codes. These formulas generally ignore the soil “exibility, which could drastically affect
the fundamental period of buildings and consequently tegrall seismic response. On the basis
of measurements collected from buildings during earthgaaksoel and Chopra@lUconcluded

that in the case of shear-wall structures, empirical foemgluch as those proposed by the Uniform
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Building CodeT2Uare inadequate. Through a series of micro-vibrations,t&tsb and Mamedov
TBUcon®rmed the inadequacy of the fundamental period formuendy the National Building
Codes of Canad®Uor the Uniform Building Codé2U) since they do not include the foundation
“exibility.

The role of the soilxstructure interaction (SSI) is usuatiysidered bene®cial to the structural
system under seismic loading since it lengthens the latenalamental period and leads to higher
damping of the system. This conclusion could be misleaditdged, recent case studies and post-
seismic observations suggest that the SSI can be detrihagt@eglecting its in uence could lead
to unsafe design for both the superstructure and the foiomdaspecially for structures founded
on soft soilTs, 68U Mylonakis and GazetaBUreported three cases of earthquakes (Bucharest 1977,
Mexico City 1985 and Kobe 1995) where SSI caused an increeggiseismic-induced response
of structures despite a possible increase in damping. Téegrted that Mexico earthquake was
particularly destructive to 10+12 storey buildings fouda soft clay, whose period increased from
about 1.0s (assumption of a ®xed base structure) to neérydlie 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 MeFk) Veletsos and Naif8Uand BielakU The “exible-base
period ¥ is evaluated from Velestos and Me@RUfor a structure with a surface foundation as

follows:
S

¥ k _kh?

T D 1C K C ke 1)
whereT denotes the ®xed-base system perigdandky, stand for the rotational and translational
springs,h andk designate the height and “exural rigidity of the structurespectively. Similar
formula is recommended by the Building Seismic Safety CduOU On the basis of data recorded
on 57 building covering a wide range of structural and gdutaal conditions, Stewadt al. TL1U
concluded that approaches proposed by Velestos and Bielpketlict¥/ T can reliably predict
the effect of inertial interaction but are limited to singlegree of freedom (SDOF) oscillators. The
objective of the present paper concerns the elaboratiosiaiple procedure for taking into account
the in uence of the SSI in the determination of the fundarakfrequency of buildings. Analyses
conducted for both one-storey and multi-storey buildirggs/arious geotechnical conditions allow
the construction of charts that give the fundamental fraqueof a wide range of buildings in
terms of the relative soiltstructure 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 thatcaffae 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 ctmdmame founded on a homoge-
neous elastic soil layer (Young's modulD$S0 MPa; density 20 kN m3; Poisson's rati® 0.3;

shear wave velocitl 98 m's). This frame is composed of a slab supported by two reigfbrc
concrete square columns (Young's modulu32 000 MPa; densit 24.5kN/ m3®) and based on

two isolated square footingR.0m 2.0m). The height of each column is 4.0m and its cross

Copyright 2007 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dy(in press)
DOI: 10.1002/ege



INFLUENCE OF THE SOIL+STRUCTURE INTERACTION

Figure 1. Numerical model for one-storey buildings.

section is 663 0.53n? (EID 420 000 kN nf). Dimensions of the slab “oor are® 5.0 n¥ 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 meansu$lational (horizontaKy, and vertical

Ky) and rotationalKy) discrete springs as illustrated in Figure 1. The rigiditéshese springs

are evaluated from the following formuld&2U

G — _ 1C _
KyD ﬁbzp A, KpD2(1C ng)Gszp A, KpD T”gesbx(a2 C bz)p A (2)

a and b denote the dimensions of the footinGs and iy designate the soil shear modulus and
Poisson's ratio, respectively. The factbgsandb, account for the geometry of the foundatigdm a).

For the present case study, springs rigidities are equi&{, 115000 kN m; K, D 100 000 kN m
and Ky, D 100 000 kN nird. Dynamic analyses were carried out using the ®nite elenoémisse
Effel. It gives a fundamental frequendyD 7.23 HAT D 0.138 9 that differs about 18% from that
obtained for the ®xed modéfrg D 8.82 HZ) due to the SSI effect.

2.2. Soiltstructure relative rigidity &

The fundamental frequency of a ®xed-base strucfggeunder lateral loading depends on the
parameterEe, I and H which stand for Young's modulus, the moment of inertia of Veetical
resisting element and the storey height. The in"uence ade¢hgarameters on the buildings funda-
mental frequency also depends on the SSI. For example,d=imgj the reference case, the ratio
f/ frg decreases from 0.819 to 0.576 (decrease of 30%) when th@inawsient of the vertical
elements increases frorD 0.0135 to 0135 nf. This difference is less signi®cant for a stiffer soil
with a shear wave velocitysD 200 n1 s wheref/ frg decreases from 0.949 to 0.823 (decrease of
13%) for the same variation ikk. On the other hand and as indicated before, the in"uence of the
SSlis taken into account through the rotationzﬂ and traiosial springs (Equations (1)+(3)), which
are function of the soil shear wave velocy(D = G4/ q) and the foundation ared (q designates
the soil density). As a consequence, the fundamental frexyué could be expressed as:

fDF(Vs, H, Eg, Ic, A) 3

Copyright 2007 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dy(in press)
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This equation shows that the fundamental frequency of tild@mdationtstructure system de-
pends on ®ve parameters that characterize the('¥gi) the foundation(A) and the structure

(H, I¢, E¢). 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 areictattifor different values of in uential
parameters in order to identity a dimensionless factorasgnting the soilxstructure relative rigid-

ity: Vs\O8, 107, 140, 200, 250 and 300 rhs (stiff soil); H \2, 4, 7, 10 and 13 rh E¢; V20 00Q 32 000

and 42 000 MPat \0.000139 0.00135 0.0131 and (1357 nf. Results of these analyses are sum-
marized in Table |. They were approximated using the follginultilinear regression:

log( f/ fre) D A1log(Vs) C Azlog(H) C Azlog(Ec) C Aglog(lc) (4)
frs designates the fundamental frequency of the ®xed-basgwstywithout SSI effect).

Table I. In"uence ofKgs on the fundamental frequency of one-storey buildings.

f/ frg Vs(m/'s) H (m) Ec(MPg) Ic (M)
1 98 4 32000 0.000139
1 107 4 32000 0.000139
1 140 4 32000 0.000139
1 200 4 32000 0.000139
1 250 4 32000 0.000139
1 300 4 32000 0.000139
0.973 98 4 32000 0.00135
0.976 107 4 32000 0.00135
0.985 140 4 32000 0.00135
0.995 200 4 32000 0.00135
0.998 250 4 32000 0.00135
0.999 300 4 32000 0.00135
0.819 98 4 32000 0.01315
0.833 107 4 32000 0.01315
0.891 140 4 32000 0.01315
0.949 200 4 32000 0.01315
0.967 250 4 32000 0.01315
0.976 300 4 32000 0.01315
0.576 98 4 32000 0.135752
0.589 107 4 32000 0.135752
0.686 140 4 32000 0.135752
0.823 200 4 32000 0.135752
0.876 250 4 32000 0.135752
0.908 300 4 32000 0.135752
0.548 98 2 32000 0.01315
0.584 107 2 32000 0.01315
0.682 140 2 32000 0.01315
0.804 200 2 32000 0.01315
0.862 250 2 32000 0.01315
0.896 300 2 32000 0.01315
0.819 98 4 32000 0.01315
0.833 107 4 32000 0.01315
0.891 140 4 32000 0.01315
0.949 200 4 32000 0.01315
0.967 250 4 32000 0.01315
0.976 300 4 32000 0.01315
Copyright 2007 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dy(in press)
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Table I. Continued.

/ frp Vs (m/'s) H (m) Ec(MP3) le (m*)
0.963 98 7 32000 0.01315
0.983 107 7 32000 0.01315
0.963 140 7 32000 0.01315
0.983 200 7 32000 0.01315
0.989 250 7 32000 0.01315
0.993 300 7 32000 0.01315
0.966 98 10 32000 0.01315
0.972 107 10 32000 0.01315
0.983 140 10 32000 0.01315
0.992 200 10 32000 0.01315
0.995 250 10 32000 0.01315
0.996 300 10 32000 0.01315
0.979 98 13 32000 0.01315
0.985 107 13 32000 0.01315
0.987 140 13 32000 0.01315
0.994 200 13 32000 0.01315
0.997 250 13 32000 0.01315
1 300 13 32000 0.01315
0.981 98 4 20000 0.00135
0.985 107 4 20000 0.00135
0.991 140 4 20000 0.00135
0.996 200 4 20000 0.00135
0.997 250 4 20000 0.00135
0.998 300 4 20000 0.00135
0.961 98 4 42000 0.00135
0.967 107 4 42000 0.00135
0.981 140 4 42000 0.00135
0.991 200 4 42000 0.00135
0.994 250 4 42000 0.00135
0.996 300 4 42000 0.00135
0.881 98 4 20000 0.01315
0.899 107 4 20000 0.01315
0.936 140 4 20000 0.01315
0.968 200 4 20000 0.01315
0.979 250 4 20000 0.01315
0.985 300 4 20000 0.01315
0.787 98 4 42000 0.01315
0.814 107 4 42000 0.01315
0.877 140 4 42000 0.01315
0.936 200 4 42000 0.01315
0.958 250 4 42000 0.01315
0.969 300 4 42000 0.01315
0.666 98 4 20000 0.135752
0.699 107 4 20000 0.135752
0.785 140 4 20000 0.135752
0.878 200 4 20000 0.135752
0.917 250 4 20000 0.135752
0.939 300 4 20000 0.135752
0.523 98 4 42000 0.135752
0.558 107 4 42000 0.135752
0.657 140 4 42000 0.135752
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Table I. Continued.

f/ feg Vs(m/'9) H (m) Ec(MP3) I (m?)
0.784 200 4 42000 0.135752
0.845 250 4 42000 0.135752
0.883 300 4 42000 0.135752
0.316 98 2 32000 0.1315
0.338 107 2 32000 0.1315
0.413 140 2 32000 0.1315
0.557 200 2 32000 0.1315
0.661 250 2 32000 0.1315
0.735 300 2 32000 0.1315
0.842 98 7 32000 0.1315
0.863 107 7 32000 0.1315
0.911 140 7 32000 0.1315
0.954 200 7 32000 0.1315
0.971 250 7 32000 0.1315
0.978 300 7 32000 0.1315
0.911 98 10 32000 0.1315
0.924 107 10 32000 0.1315
0.953 140 10 32000 0.1315
0.977 200 10 32000 0.1315
0.986 250 10 32000 0.1315
0.987 300 10 32000 0.1315
0.953 98 13 32000 0.1315
0.955 107 13 32000 0.1315
0.974 140 13 32000 0.1315
0.988 200 13 32000 0.1315
0.993 250 13 32000 0.1315
0.995 300 13 32000 0.1315

Values of the coef®cients of the multilinear regression AgeD 0.233 A2 D 0.33, AsD! 0.12
and A4 D! 0.07. They are obtained with a determination coef®ckRnb 0.7.

Normalizing the coef®cients of the regression Ay gives Aj/ Az ! 2, Ao/ Az ! 3 and
A4l Az 0.75. As a consequence, the proposed dimensionless parakgteepresenting the
soiltstructure relative rigidity could be approximated as follows:

q VSZ H3
Ec (Io)¥4

Expressions of discrete springs (Equation (2)) revealsthiin uencg of the square of soil shear
wave velocity(V2) is equivalent to the square root of foundation area\; hence, the expression
of the soiltstructure relative rigiditiss is turned into

r

KssD )

q Vs2 H3
Ec (Io)¥4

A
KssD Ao

(6)

where Ag denotes a reference aréan?).
Figure 2(a) shows the variation of the rafibfgg with the relative rigidityKss, It can be observed
that this variation can be approximated using a simple clran log Ksg> 1.5, the ratio f/ fgg
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Figure 2. In‘uence ofKgs on the fundamental frequency of buildings: (a) one-storey
buildings; (b) multi-storey buildings with one span in tladral and transverse directions;
and (c) multi-storey buildings with multiple spans.

attains an asymptoté/ frg D 1. In this case, the fundamental frequency of the soil-fatiod+
structure system is close to that of a ®xed-base structure. Kétddg 1.5, an important variation

is observed forf/ fpg with log(Ksg). In this case, neglecting the SSI could lead to a signi®cant
misestimation of the fundamental frequency the soil-fatimhtstructure system and consequently
to a poor prediction of the overall dynamic response of thectiire. For stiff structures on soft
soils (log(Ksg< ! 1.5), the frequency of the ®xed-base modeg exceeds by three times the
frequency of the soil-foundationzstructure system.

3. MULTI-STOREY BUILDINGS

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

r__

A
V2 H3
a Vs Ao
4

KssD (7)

Ns Ec (Ic)¥
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Figure 3. Chart for the consideration of the SSI in the deteation of the
fundamental frequency of buildings.

This expression indicates a decreasekaf with the increase in the number of stories, and
consequently to an increase in the in"uence of the SSI on timeldmental frequency of the
building. Figure 2(a) depicts the variation &f frg with the relative rigidityKss. It shows that this
variation could be approximated using a simple chart thainslar to that obtained for one-storey
buildings. Calculations were also conducted for multrayobuildings with different values of the
number of spans in both the transversal and longitudina&ctons (Np: and Npj) and different
foundation areasA1, A2 and A3) proportional to the transmitted loads.

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

r—_
A

Nt No g VZ H3 ™
8

DTN B (199
where A is the mean value of foundations ard&®d (A1 C A, C C Ay)/n.

The increase in the number of spaid, or Npt) leads to higher values of the relative rigidity
Kssand consequently to a decrease in the in"uence of the SSiré&@(c) depicts the variation of
the fundamental frequency rat{d/ frg) with Kgs for buildings with multiple stories and spans.
It con®rms trends obtained for one-storey buildings. EigRBirsummarizes results obtained for
one-storey and multi-storey buildings. It can be obsenet the fundamental frequency ratio
(f/ feg) can be determined in terms of the relative rigidkygs (Equation (8)) using the chart
described earlier for one-storey buildings.

4. CONCLUSION

This paper included the analysis of the in'uence of the sbilicture interaction (SSI) on the
fundamental period of buildings. Analyses conducted foliowsr soil and structure conditions
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showed that this in uence depends mainly on the soiltstreatelative rigidity, which could be
expressed in terms of the soil shear wave velo\y), the foundation aredA), the “exural
rigidity of the building columngl¢, E¢), the storey heigh(H), the number of storieéNs) and
spans(Npt, Np|) as follows:
r__

A

Not Noi g VZ H3 A

KssD
s Ns Ec (Ic)¥4

A chart is proposed for an ease consideration of the in uefdbe SSI in the determination of
the fundamental frequency of buildings. For “exible builgs (log(Ksg> 1.5), the SSI could be

neglected. For lower values s, 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

DamsE andE reservoirsE locatedE nearE urbanizedE areask representE aEgotiwetialE riskE t
downstreamE populationE andE propertyE inE theE eventE ofE uncontrolledE releaseE ofE theE reservoir
waterEdueEtoEearthquakeEdamage.ETheEfirstEfailureEofEaEdamEdueEtoE&anthineake Ereporte
literatureE isE AugustaE Dam,E GA,E duringE theE 1886E Charleston,E SCE earthquake.E Worldwide,
aboutE30EdamsEhaveEfailedEcompletelyEduringEearthquakesE[1].

ThereE areE moreE thanE 75,000E damsE ofE allE sizesE listedE inE theE Lh&fyRafionalE Inve
DamsE[2]E andE thousandsE ofE largeE damsE haveE beenE builtE worldwide.E Heage, E theE recordEm
appearE outstanding.E However,E exceptE forE severalE well-knownE cases, E fewBrdlamsE haveE be
testedEonEgroundEmotionEequivalentEtoEtheirEDesignEBasisE EarthquakeE[3].&Conversely,EaEfe
damsE haveE experiencedE significantE damageE underE moderateE shaking.E PenfiormanceE dataE a
detailedEreferencesEregardingEapproximatelyE400EdamsEthatEhave EbedghifichjeictedEtoEs
earthquakeEshakingEareEprovidedEbyEUSCOLDE[4,E5,E1].
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Figure 1 Problem under consideration: Influence of th e water-skeleton interaction
on the seismic response of an earth dam.

SeismicE designE ofE earthE damsE shouldE takeE intoE considerationE the Einflatence E of E the
skeletonEinteractionE onEtheE overallE responseE ofE theE dam.E SindedtithgE séisapat
withE regardE toE theE flowE processE inE theE coreE ofE theE dam;E engineersE cbuldE useE undraine
analysesE forE damsE design.E ThisE paperE presentsE aE confrontationE ofE thisElapproachE toE aE ful
coupledE approachE thatE takesE intoE accountE anE effectiveE stressE formsiketieto forE theE
coupledEtoEtheEBiotOsEformulationEforEtheEwater-skeletonEinteractionE[6)BsEftie EpaperE
dealEwithEtheEliquefactionEphenomena.

2. NUMERICAL MODEL
TheEproblemEunderEconsiderationEisEshownEinEfigureE1.EItEconcernsEanalysisEofEtheEinfluenc
ofE theE waterE skeletonE interactionE onE theE responseE ofE anE earthE tzadbtpE seismic
simplifiedE configurationE isE consideredE inE thisE analysis.E TheE clagihced&r s
homogeneous.EANnEelasticEperfectlyEplasticEconstitutiveErelationisEesetiiEhodierial.
ThisE modelE isE basedE onE theE nonE associatedE Mohr-CoulombE criterionE withE tensionE cut
AlthoughE thisE modelE doesE notE describeE wellE theE hardeningE ofE dyifs, SéafifsE large
geotechnicalE engineering;EinE additionE theE constitutiveE parametersE &f&reisksmaltiel
availableEforE differentE categoriesE of E soils.E RayleighE dampingE isE ulsseBinkith&hana
dampingEratibE 0.05.

NumericalEanalysesEareEconductedEusingEtheEFLACEprogramE[8].EThisEpongramEisEbasedE
aE continuum€ finiteE differenceE discretizationBhethggngrangianE approach.E Every
derivativeEinE theE setE ofE governingE equationsEisE replacedE directlyE mppaedsidgebraicE
writtenEinEtermsE ofEtheEfieldEvariablesE (e.g.EstressE orE dispkarete&mdirabale space
[8].E ForE dynamicE analysis,E itE usesE anE explicitE finiteE differenceslsefictneE tolE
equationEofEmotionEusingElumpedEgridEpointEmassesEderivedEfromEtheErealEdensityEsurrounding
zone.ETheEcalculationEsequenceEfirstEinvokesEtheEequationsEofEmotidbéstibiters/e Enew
andE displacementsE fromE stressesE andE forces.E Then, E strainE ratesE aveditiesedE fromE
andEnewEstressesEfromEstrainErates.EEveryEcycleEaroundEtheEloopE corefSgmpd EtoEoneEtim
EachEboxEupdatesEallEofEitsEgridEvariablesEfromEknownEvaluesEthatE trmatiiéixedEoverE
stepEbeingEexecuted.

NumericalE distortionE of E theE propagatingE waveE canE occurE inE dynamicE analyses.E BothE the
frequencyEcontentEofEtheEinputEmotionEandEtheEwave-speedE charactetatiEsiitdfEtheEsys
affectE theE numericalE accuracyE ofE waveE transmission.E KuhlemeyerE anstidwsderE [9]E
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thatE forE anE accurateE representationk ofE theE waveE transmissionE throughkE thek soilE mode
spatiaIEeIenjentEsiZEEEAmustAEbeEsmallerEjhanEapprgximaterque-tgnthEtoque—eigh}hEofEthe
wavelengthEassociatedEwithEtheEhighestEfrequencyEcomponentEofEtheEinputEwaveEi.e.,

DL£//10 (1)

Where, E isEtheEwaveElengthEassociatedEwithEtheEhighestEfrequencyE compangntEthatE conta
appreciableEenergy.EExpressingheEformEofEtheEshearEwaveEVg)eityiEtheEhighest
frequencyEintroducedEtoEtheEsiystdheifuationE 1EcanEbeEwrittenEas:

DL £V,/(10Ef ) )

ThisErequirementE mayE necessitateE aE veryE fine E spatialE meshE and§&groatte spundi
step.ETheEconsequenceEisEthatEreasonableE analysesE mayE bek tiwtsanukgngmory £
suchEcases, EltEmayEbeEpOSS|bIeEtoEadJustEtheEmputEbyErecogJﬂingwmlEnﬁfstE
theE |nputE hlstoryElsE contamedEmEIowerEfrequencyE components. EByEfllterlngEtheE historyE and
removingE highE frequencyE components, E aE coarserE meshE mayE beE usedE withoutE significantly
affectingEtheEresults.
TheEinitialEstressEsateEofEtheEdamEisEdeterminedEusihygfisfofatiefFadamEresponse
toEgravitationalEforces.
InE theE fullE coupledE analysis, E theE timeE stepE isE determinedE irdhteaotkisfie theE
lengthEofEtheEméshBdEtheEdiffusivityEfactorEcEasEfollows:

L2
—_C
Dt=-2 3)

TheE diffusivityE factotjHisE determinedE usingE theE hydroE mechanicalE propertiesE of £ bothE the
porousEfluidEandEtheEporousEmedia:

1, a’ )
4 -
M  K+4G/3

K andE denoteEtheE bulkEandE shearE modulusEofE theE porousE medialE leapeiively.E
standEforEtheEBiotEmodulus,EtheEmobilityE coefficientEandEthe E Biotkjpeetiielgnt, Ere

3. INPUT MOTION
TheEseismicEloadingEisE appliedE atE the E bamattiaitihEfsyerE asE aE velocity E excitation.
AnalysesEareEconductedEforEtwoErecordedE earttipueskEEhe EfirstEoneEcorrespondsEto
theEKocaeliE earthquakeEinE TurkeyE (1999)E withEdéihvagh =E 7.4E[10]. ETheE estimated
peakE velocnyE ofE thisE recordE isg apprommateHyEEWE m/secE (peakE acceleration

0. 247g) EandE|tsEdurat|onE|sEapprOX|materE|:'esm£&B@ureE2a) ETheEfrequencyEofEthe
majorEpeakElsEequaIEtoEO 9EHz. ETheEmaJCEEppetﬁnfEfﬂhesEbetweenEO 2EandE2Hz.
TheEsecondElnputE mot|onEcorrespondsEtoETabakEE\ﬂﬂqanE(FlgureEZb E[10]).EThe
majorE peakE correspondsE toE theE frefjen@yBE Hz,E theE secondE peakE appearsE atE the
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Figure 2a Kocaeli earthquake record (1999) a) Veloci ty, b) Spectrom.

frequencyE=E 1.1E Hz.E TheE majorE partE ofE theE spectruméife8RBamef 1.5 Hz.E The
durationEisEapproximatelyEequalE8E sec. EAnagysemteuetedEwithEtheEmagnitudeEofEthe
KocaeliErecordE(=E0.4Em/sec).

4. UNDRAINED ANALYSIS

TheE undrainedE analysisE isE conductedE inE tetafERiefsshellE materialE isE assumedE toE be
frictional, EwhileEthatE ofEtheE coreEisE assumatElgiEdmhesive. E GeotechnicalE propertiesE of
theE damE areE summarizedE inE tableE 1.E TheE fatenifiasEassumedE toE beE elasticE withE a
YoungOsEModulusERIDOEMPa.ETheEYoungOsEmodulusE ofEthe E ctoBE BB d@aafEvhile
thatEofEtheEshellEisEequalEtoE60EMPa. EBhgleidfinéEshell EisEefraafpETheEcore
cohesion&)EisEassumedEtoEincreaseEwithEtheEinitiéizeffieatitstresgEasE follows:

Cu :Ic§ '\D (5)

AnalysesEwereEconductedHwitE3 i i S

TheEresponseEofEtheEdamEtoEtheEKocaeliEearthquakeErecordEigtibssi BifeolEMmE fi
FigureE 3E showsE theE distributionE of E plasticityEinE theE damE atE theii atiak FFHfE taeE e
beE observedE thatE plasticityE isE inducedE inE theE quasiE totalityE offEthedtddaim.E The
displacementE isE presentedE inE figureE 4.E ItE showsE thatE the E seidnieBfcaitliegiual
displacementEinE theE upperE partE ofE theE damE andE atE the E extreavities RfEzetadispl
0.95Em.EFigureESEshowsEtheEdisplacementEpatternEinEthe EaxisEagioiEbiéfneE dme@hei
atEtheE maximumEexcitation. E ItE canEbeE observedEthatE theE disparisteafEthEE dam
increasesEfirstEwithEtheEdistanceEfromEtheEbaseEupEtoEaEpeakEarttiEiséiviadation
correspondsEtoEaEcombinationEofEtheEfirstEandEsecondEmodesEofEtheEdarh& TheEvariationEofE
displacementE atE theE middleE heightE showsE aE sharpE increaseifies Rt ndfioineonld
indicateEtheEimminenceE ofEsoilEinstabilityEinEthisEarea.

FigureE6aE showsE theEseismicEamplificationE ofEtheE velocity Ein&thdiedahdeted
thatEtheEamplificationEincreasesEfirstEwithEthe Edistance EfienfiEtnedmsé up EtoEaE peak
andEthenEdecreases.EThisEvariationEcorrespondsEtoEaEcombinationEaiiiés&efiegtietwoEm
dam.EFigureE 6bE showsE theE spectrak ofEtheE velocityE atE theE crestheffsiretiddiof andE
theE inputE motion.E ItE canE beE observedE thatE theE peakE ofE theE damE relsponseE occursE atE t
frequencyf= 1.35EHzE ;EaElessEpronouncedEpeakEappearsEatEteE G4 itmcyE

FigureE 7aE showsE aE comparisonEbetweenEtheE drainedEandE undrainedEresponsesE ofEtheEdam
toEKocaeliEearthquakeErecord.EItEcanEbeEobservedEthatEthe Eamphificatesitoisahe Et
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Table 1 Undrained analysis: properties of the earth dam
Parameter Units Core Shell Foundation
DryEdensityE) (kg/md) 1800 2000 2200
SaturatedEdensity/lE (kg/mP) 2100 2500 2500
FrictionEanglgB M 0 35
Cohesion(g) (kPa) 0.30% 0.100
YoungOsEmoduliisE (kPa) 40E000 60E000 1000E000
PoissonOsEratipkE 0.3 0.3 0.25
05 R 1.20E- 02
0.4 1 8 1.00E-02 -
0.3 =
S 0.2 = 8.00E- 03 1
® 0.1 S
E 001 S 6.00E-03 1
> ] >
-0.1 < 4.00E- 03
-0.2 1 3
031 & 2.00E-03 1
-0.4
° ? y ° 8 0.008+00 0 02505075 1 1.251.51.75
Time (sec) . F.reqijency (H.Z) S
Figure 2b Tabas earthquake record: a) Velocity, b) S pectrom.

Plastic

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

areE close,E exceptE neark theE topE of€E theE dam,E whereE drainedE responéeifiskeaigherE thanE t
undrainedE one.E BothE ofE theE responsesE correspondE toE aE combinationE of E theE firstE andE seco
modes,EbutEtheEcontributionEofEtheEsecondEmodeEseemsEtoEbeEmore EimjpartantEtoEtheEundra
response.EFigureE7bEshowsEtheEspectraEofEtheEdrainedEandEundrainedEresponsesEofEtheEdar
confirmsE thatE theE peaksE ofE theE drainedE andE undrainedE responsesE occurEatE theE frequencyE
1.35EHz,EwhichEisEcloseEtoEtheEsecondEfrequencyEsfEd@HdamME (

FigureE 8E showsE aE comparisonE ofE theE seismitHoé&spaiassE andE KocaeliE earthquake
records.EItE canEbeE observedE thatE the EanufiificafivoiE responsesEareEveryE closes, Eexcept
nearE theEtopE of E theE dam, E whereE theE respadsefEiothEEotionE isE higherE thanE thatE to
KocaeliEearthquakeErecordE (FigureE8a).EThaleodiuffbine EsecondEmodeEtoEtheEresponseEto
theE TabasEinputEmotionEisElessEimportantietateRnesfonseE toE KocaeliEreord.EFigureE8b
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Figure 5 Undrained analysis: displacement pattern at the maximum of the

seismic excitation.

showsEtheEspectraEofEtheEresponseEtoEKobasieantiliakeErecords.EItEconfirmsEthatEthe
peakE ofEtheE responseE toE TabasE recordE oémaqeéatiftaESE Hz, EwhichEisE lowerEthan
thatEofEtheEresponseEtoEKocaeliEearthquakelr Qi HE).

5. FULL COUPLED ANALYSIS
FullE coupledE analysersE areE conductedE usingE theE effectiveE stressesfhapmoihchE forE t
skeletonEcoupledEtoEtheEBiotOsEformulationEforEtheEwater-skeletonEinteraction.

TheE geotechnicalE propertiesE ofE theE damE areE summarizedE inE tableE 2.&sTheE foundationE
assumedEtoEbeEstiffEwithEaEYoungOsEMa00RERIPE. ETheEYoungOsEmodulusEofEtheEcore
isEequalEtoE40EMPa,EwhileEthatEofEtheEshellEisEequal Eto BTN Pgld¢HdfEfisE shell
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Figure 7 Comparison of the drained and undrained res ponses (Kocaeli

earthquake record).

isEequalEtoE35;.ETheE cohesionEandEfrictionalEangleEofEtheE coreE ardEampiaRnE 100EkPa
respectively.ETheEpermeabilityEofEtheEcoreEisEequéliisE9.810

TheE damE responseE toE KocaeliE earthquakeE inputE motionE isE illustreédBifiguresE
FigureE9E showsEtheE variationEofE theE excessE poreE pRe}satefimatatt{ositionsE ofE the
dam:EtheEbase,EtheEmiddleEheightEandEtheEtop.EThisEvariation e npsiEHnadEofEt
AtEtheEtopEofEtheE®yRiE¢reasesEupEtoE 1.16,EwhileEatEtheEmiddleEheightEitEattainsE1.1;Eat
theEbottomEofEtheE&y)REEcreasesEdownEtoE0.9. i o i

FigureE10EshowsEtheEdisplacementEpatternkitraritiebtntheEmiddleEheightEofEtheEdamEat
theEmaximumEofEtheEseismicEexcitation. EltEseamediethatE theEdisplacementEinEtheEaxisE of
theE damEincreasesE withE theE distanceE from EtleéfbdaetiowithE aE quasiE stabilizationE near
theE topE ofE theE dam.E TheE variationE ofE the BifispiadesemiddleE heightE showsE aE sharp
increaseEatEtheEextremities; EwhichEcould&ieBicateiience EofEaEsoilEinstabilityEinEthisEarea.
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Figure 8 Comparison of the undrained responses to the

earthquake records.

(b) Spectra of the dam response and the input motion

Kocaeli and Tabas

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

Parameter Units Core Shell Foundation
DryEdensityE) (kg/m?) 1800 2000 2200
SaturatedEdensity/f ( (kg/md) 2100 2500 2500
FrictionEAngI€F) 6 15 35 35
Dilation M 3 10 3
CohesionEY) (kPa) 0.1Ee3 0.100 0.2e3
YoungOsEmodulisE( (kPa) 40000 60000 1000E000
PoissonOsEratipkE ( 0.3 0.3 0.25
ElasticEshearEmodUiG3E (kPa) 15E000 23E000 400E000
BulkEmodulugk) (kPa) 33E000 50E000 666E000
Porosityfn) 0.3 0.5 0.3
Permeability k() (m/Esec) 9.8e-7 9.8e-5 2.94e-4
BiotEModulugi) (kPa) 7.33e6 3.67e6 7.33e6
MobilityEcoefficien{k) m?/(sec*kPa) 5.00e-8 5.00e-6 1.35e-5
DiffusivityEFacto(E) m?/sec 0.367 18.3 98.6

FigureE11EshowsEtheEamplificationEofEtheEundrainedEandEfullEcoupledEresponsesEofEtheEda
ItEcanEbeEobservedEthatEtheEamplificationEofEtheEundrainedEresponsbiiEBfigherEthanEt
fullE coupledEresponse.E BothEresponsesE correspondE toE aE combinationE of E theE firstE andE second
modes,EbutEtheEcontributionEofEtheEsecondEmodeEseemsEtoEbeEmoreEimppardantEtoEtheEundra
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Figure 10 Full coupled analysis: Displacement at the maximum of seismic

excitation (Kocaeli earthquake record).

response.E FigureE 12E confirmsE thisE observation.E ItE showsE thatE theE fullE coupledE response
includesEtwoE peaksEwithE equalE valuesE whichE correspondE toE tHet fréGliriemto
1.35EHz,EwhileEtheEmajorEpeakEofEtheEundrainedEresponseEoccursEatEiBeEfequencyE
ThisEresultEindicatesEthatEtheEundrainedEanalysisEcouldEleadibmtieanifeszenesnatural
frequencyEofEtheEdam,EbecauseEofEtheEoverestimationEofEtheEdamEstiffness.
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Figure 12 Influence of the water + skeleton interact ion velocity amplification of the

dam (Kocaeli earthquake record).

FigureE12EshowsEtheEinfluenceEofEtheEwater-skeletonEinteractionEmoestiorgieonEthe E
ofE theE dam.E ItE canE beE observedE thatE theE undrainedE analysisE ovetastimatesE theE na
frequencyE ofEtheEdamE andE couldEleadEtoE aE missE estimationE of E ftdErespplese. E TheE
analysisE showsE anEimportantE attenuationE ofE theE damE response, E whittbEnécthlel E resultE
roleEofEtheEwaterEflowEinEtheE dissipationE ofEthe E seismicE en&iyidBitiettaiithe
influenceE ofEtheE pore-waterE pressureE increaseE onE theE reductionE offetbedséfteadive E st
consequentlyEtoEanEincreaseEinEplasticityEinEtheEdam.
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6. CONCLUSION
ThisEpaperEincludedEaEstudyEofEtheEinfluenceEofEtheEwater-skeletonifefisemmian EonE
responseEofEanEearthE dam.EInvestigationsEwereE conductedEusingE undrained, EfullE coupledEanc
drainedEanalysesEforErealEearthquakeEinputEmotions.

ResultsEshowEthatEtheEundrainedEanalysisEmstttstifrmtural EfrequencyEofEtheEdamEand
couldEleadEtoE aEmissE estimationE ofEitsE regfuligedtipledE analysisE predictsEanEimportant
attenuationEinEtheEdamEresponse, EwhichE ciiroifafethalE influenceE ofEtheEwaterEflowEinEthe
dissipationEofEtheEseismicEenergyEinEaddifitinfilefte EofEtheEinducedEpore-waterEpressure
excessEinEtheEreductionE ofE the E effective BBtitesSesit= andE consequentlyEtoEanEincreaseEin
theE soilEplasticity.E TheseE resultsE showE thgfFoféthsgiuseE ofE aE fullE coupledEanalysisEforEthe
seismicEdesignEofEearthEdams.
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Finite-Element Model for Urban Pavement Rutting:
Analysis of Pavement Rehabilitation Methods

Bassem Ali; Marwan Sadek?; and Isam Shahrour®

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
used for analysis of rutting in urban pavements and for the analysis of rehabilitation methods. Analyses show that urban traf®c condition
are detrimental for urban pavements and the use of high resistance asphalt concrete constitutes an ef®cient alternative for urban pavem
rehabilitation.

DOI: 10.1061/ASCE0733-947%2009135:42359

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

Introduction pressways. This paper presents an analysis of the urban pavement
rutting using a nonlinear ®nite-element method. The model will

Flexible pavements suffer generally from rutting which results be brie'y presented as well as its validation on full-scale tests.
from heavy traf®c and severe environmental conditiGollop Then it will be used for the analysis of urban pavement rutting
and Cebon 1995: Archilla and Madanat 2001; Skok et al. 2002 and for the evaluation of the ef®ciency of some rehabilitation
Rutting could be due to either permanent deformation of the sur- technologies of urban pavements.
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 Numerical Model
and the low traverse wheel wander. Urban pavements are also
subjected to heavy bus loading which accelerates the rutting pro-The ®nite-element software Abaqus is used in the numerical
cess, especially at intersections, traf®c lights, and bus stations. Asimulation.
a consequence, rehabilitated urban pavements rarely ensure their
design life~El Hugsein and Nofal 1998” . Presentation

Since the maintenance and rehabilitation of urban pavement
are extremely expensive, speci®c materials and technologies arg:qnstitutive Relation

proposed to improve their performance. The practical use of theserne pehavior of asphalt concrete is described using an elastovis-
developments requires their veri®cation, which could be carried ¢op|astique constitutive relation. The elastic part is assumed to be
out using experimental tests. Numerical modeling can also begotropic and linear. The in“uence of the temperature is consid-

used for the analysis of pavement ruttinglsson et al. 2000;  greq using the relation proposed by Ullid&999
White et al. 2002; Saleh et al. 200and 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- E,andag denote two constitutive parameters that can be deter-
mined from triaxial tests conducted at different values of the tem-
Ipssistant, Laboratoire de Mcanique de Lille, UMR 8107, Univ. des Perature.E stands for the Young's modulus at the reference
Sciences et Technologies de Lille, 59650 Villeneuve d'Ascq, France.  temperatureT . Es andag are frequency dependent.
2pssociate Professor, Laboratoire de M"canique de Lille, UMR 8107, The viscoplastique strain is determined using the relation pro-
Univ. des Sciences et Technologies de Lille, 59650 Villeneuve d'Ascq, posed by Hua and White2002

E= ErefeaEST Trerd

France.
3professor, Laboratoire de M"canique de Lille, UMR 8107, Univ. des QP=As™"
Sciences et Technologies de Lille, 59650 Villeneuve d'Ascq, France -
~corresponding authbrE-mail: isam.shahrour@univ-lillel.fr n, m, andA=constitutive parameters, which could be determined

Note. Discussion open until September 1, 2009. Separate discussiong;gm creep and recovery tests. The in uence of the temperature is

must be submitted for individual papers. The manuscript for this paper ; ; A i L
was submitted for review and possible publication on August 28, 2007; considered using the time te.‘mperature superposition principle
~Chehab et al. 2002as follows:
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Table 1. Characteristic of the Pavement Sublayers

Young's Modulus Friction anglef Cohesion
Layer E -MPa % c kPd
Base 240 35 10
Subgrade 90 30 1

The transverse wheel wander was considered using a standard

normal distribution for the transverse wheel path with a width
Fig. 1. Determination of time of contact wheel pavement Dw=40 cm and a standard deviation of 29 evhite et al. 2002;

j=—

Wardle et al. 2008

Validation

ar Full-scale rutting tests are used for validation of the numerical

model. These tests were conducted on pavements composed of
ar denotes the temperature shift for the viscoplastic effect; and ®ve layersPerret 200Bas follows:

A;=constitutive parameter that is temperature dependent. 1.
The behavior of the sublayers is described using an elastoplas-

tic constitutive model based on the MohrxCoulomb criterion.

2.
Traf®c Loading Model
A vehicle pass is modeled as a pressure applied at the pavemeng.
surface during a time interval, which depends on the vehicle
speedvy, the tire footprintb, and the size of the mesh element 4.

Two layers of asphalt concrete including a wearing course
~MR11! and a binder courseHMT!; the total thickness of
these layers is equal to 17 cm;

Base and subbase gravel laygds 63 mna their thickness

is equal to 40 cm;

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

Rigid layer of concrete, 20 cm in thickness.

as illustrated in Fig. HFang 2001 The ®nite-element mesh used in the validation is given in Fig. 2.
It includes 1,776 four-node elements with reduced integrations.

a+b Table 1 summarizes the mechanical characteristics of the base
p- V_h and the subgrade layers, which were determined from both tri-
axial and plate loading test®erret 2008 The Poisson’'s ratio is
According to the proposition of Olsson et 000, Fang~2001, assumed to be constantrat 0.3. The concrete layer is supposed
White et al.~2002, and Ali 2004, a traf®c load includingN to be elastic with a Young's modulls=20 GPa and a Poisson's
passes is modeled as the superposition of these passes. ration=0.15-Perret 2008

Fig. 2. Finite-element mesh used in validation of numerical model on full-scale tests
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Table 2. Variation of Ar with Temperature 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%&/uzturk et al.

A
@ed 1410 kPal "#

TC% MR11 HMT 2008. Elastic modulus of the asphalt at 45%C is equal to
15 8.00E-08 6.20E-08 422 MPa. Analyses were conducted for a dual tire track with an
30 1.30E-06 1.20E-06 axle loadF,=135 kN and a tire pressum,;.=662 kPa.

35 2.63E-06 2.92E-06 Fig. 4 presents results of numerical simulations. It can be ob-
40 5.31E-06 5 88E-06 served that rutting is largely affected by both the transverse wheel
45 1.00E-05 1.07E-05 wander and the traf®c circulation speed. It decreases with the
50 1.67E-05 1.74E-05 increase in traf®c speed and the augmentation of the transverse

wheel wandesD,,,d For example, the humber of passes causing
8 mm of rutting in expressways is about four times higher than

The viscoplastic parameters of the asphalt were determinedthat obtained in urban area. Also note that assuming 20 cm of
using a back-calculation procedure on full-scale tests conductedtransverse wheel wander leads to a reduction of about 20& in
at different values of the temperaturBerret 2008 The back- rutting. This reduction is due to the role of transverse wheel
calculation procedureAli 2006! gave the following values for the ~ Wander on the distribution of the load over a larger area of the
constitutive parametersn= 0.5, n=0.88. The constitutive pa- Pavement. o )
rameterA; is temperature dependent. Table 2 shows its variation ~ Fig. 5 shows the in"uence of traf®c speed on rutting. It shows
with temperature for both the binder lay¢dMT! and the wear- a signi®cant increase in the rutting with the decrease in speed.
ing course layerMR11!, This result agrees well with the observation of rutting at the in-

Fig. 3 shows a comparison between the numerical simulation tersections, traf®c lights, and bus stations. For example, rutting
and the full-scale results conducted by Per2003 under the depth increases by about 100& when the traf®c speed decreases
following conditions: an axle load,=115 kN, a tire pressure  from 60 to 10 knih. The reduction of traf®c speed results in an
Pie=800 kPa, and temperatufB=50%C, and traf®c speegl increase in the loading time and consequently in an augmentation
=12 knvh. It can be observed that the numerical model accu- Of rutting. This result agrees well with the ®ndings of Al-Qadi
rately reproduces the evolution of rutting during both the initia- €t al. 2004 and Wang and Machemek2004.
tion and propagation phases.

Analysis of Methods of Rehabilitation of Rutted
Analysis of Rutting of Urban Pavements Pavement
Traf®c in urban areas is characterized by a low circulation speedThe rehabilitation of rutted pavements is generally carried out by
and reduced transverse wheel wanders. In order to analyze theeplacement of the damaged layer by a new one. The numerical
in"uence of these severe conditions on pavement rutting, numeri- modeling of the pavement rehabilitation is carried out as follows:

cal simulations were conducted for the following conditions: 1. Finite-element analysis is conducted under traf®c load and

1. Low traf®c speedv,=50 km/hd with zero wheel wander environmental conditions over a period corresponding to the
D,,=0d development of the critical rutting;

2. Low speed with moderate wheel wandgx,, =20 cnd and 2. The degraded surface layer is replaced by a new one; the

3. High speedsv,=90 km/hd with high traf®c wandeD,, mechanical properties of other layers are unchanged; and
=40 cnd 3. A ®nite-element analysis is conducted to analyze the rutting

The ®rst two conditions concern urban pavements, while the third

of the rehabilitated pavement.
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Fig. 3. Validation of numerical model on rutting test$,=115 kN, P;;;¢e=800 kPa,T=50%C, y=12 knm/h! ~tests realized by Perret 2003

JOURNAL OF TRANSPORTATION ENGINEERING ASCE / APRIL 2009/ 237

Downloaded 28 Oct 2011 to 193.48.57.46. Redistribution subject to ASCE license or copyright. Visit http://www.ascelibrary.org



&$+

" =76>.? @+9A-49 @>.B3D?)CESFA JAS SR
&#+ | G=76>? @>.B37 D" 257 CA D )! E5FA A
" GHIJ73//@>1? @>.B37 D#! 25D K! A
& - - A v e
\V A *
A S
n & A A .
0 A .
- A o ¢ -
. 0, - i -
g % A ’ ' o [a] :
< A * : o .
o $1 A® &
A o
# o i
o i
(m] :
nwo M
v v
! T T T T T 1
"l &' "l * #' ) $ !
012,3 .45637 .

Fig. 4. In"'uence of urban traf®c on pavement ruttirdpal tire,F,=135 kN; Pyje=662 kP&

In the following this methodology will be used to evaluate the and thickness®rst method The use of the high modulus asphalt
performances of different strategies proposed for the rehabilita- -EME! reduces the rutting development. After rehabilitation, the
tion of rutted pavement in urban area. period to develop a 4 mm rut is enlarged by about 50 and 100&
The degraded layer can be replaced by a layer with the samewith the use of 7 and 11 cm high modulus asphalt EME, respec-
material-HMT! or by another material such as the high modulus tively.
asphalt concreteEME! 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 layan=14 cndof the asphalt concrete is

replaced by a layer with the same characteris#itigIT! and Conclusion
thickness; . . ) o
2. The rutted layer is replaced by the high modulus asphalt This paper presented ®nite-element modeling of rutting in urban
~EME! layer, 11 cm in thickness; and pavements using an elastoviscoplastic constitutive relation for the
3. The rutted layer is replaced by the high modulus asphalt @sphalt concrete and an elastoplastic model for the supporting
~EME! layer, 7 cm in thickness. layers. The performances of this model were checked on full-
The values of the parameters of the high modulus asphalt EME atscale tests.
T=30%C are given by;=9.1E-7, m=0.86, n= 0.53, and E Analyses showed that rutting in urban areas constitutes a
=7,917 MPa. major problem because of the low traf®c speed and the reduced

Fig. 6 illustrates the performances of the three methods of wheel wander. The use of high modulus asphalt like EME consti-
rehabilitation. It can be seen that the rutting development is al- tutes an ef®cient solution for the rehabilitation of rutted urban
most the same for the pavement repaired with the same materiabavements.
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Fig. 5. In"'uence of traf®c speed on rutting development
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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
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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.

O 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 frequencyswave 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

* Corresponding author.
E-mail addresses:mohannad.mhanna@polytech-lille.net (M. Mhanna), marwan.
sadek@polytech-lille.fr (M. Sadek), isam.shahrour@univ-lille.fr (I. Shahrour).

0266-352X/$ - see front matter O 2011 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.compge0.2011.07.005

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 BettisRayleigh 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.
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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
vehicleeroad 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 tractoretrailer
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]:
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Here, mg, my; and my, are the masses of the vehicle body and the
front and rear wheels, respectively; |sdenotes for the mass moment
of inertia for the vehicle body; ¢4, Ce, Ks1, and ks are the damping
coef€cients and the spring stiffnesses of the front and rear suspen-
sion, respectively; ki; and ki, are the front/rear stiffnesses; 1, and I,
are shown in Fig. Land [=1; +1,.

The parameter hgis the rotation at the center of gravity and ~ xgis
the vertical displacement of the vehicle body at the center of
gravity.

Xs and hg are given by the following equations:

Xs " o loXg T olixo T hs ™ .. Xq ¥ X 1= 3t

where Xg,xs2 are the vertical displacement of the vehicle body at the
front/rear suspension location, and x,; and x,, are the irregularity
excitation from the pavement surface at the location of front/rear
tire. P, and P, are the interaction forces between the front and rear
axle and the pavement, where

P]_tT - ktl.Xul.t.T y Xrl.t.TT Pth - ktz.Xuz.t.T y sz.t.TT a4t

Ground vibrations due the axle loads P; and P, 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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Fig. 2. General road layout used in the experimental study.

lateral boundaries to reduce wave resection. 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-
sected 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 Mthe Young's modulus Eand the density (. 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 |=0.3m and a -at top part
with a length L=1.3m.

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

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 g (kg/m %) E (MPa)
1 0.5 0.33 1900 57
2 0.5 0.33 1900 133
3 15 0.33 1900 223
4 6 0.47 2000 322
5 1 0.47 2000 1288

L=1.3m

0.054m

H=

L+2*1=19m

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

Table 3
Parameters of the vehicle [7].

ms = 9000 kg ke =0.32  10° N/m cq = 10,050 N s/m
Is = 35,000 kg/m 2 ke =0.61 10 N/m Ce = 16,000 N s/m
My = 400 kg k=15  10° N/m 1,=3.72
m,, = 600 kg k=3  10°N/m 1,=1.49

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  15m? (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 yez.
« 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
width equal to DT.

L intervals of

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=0.018s, so
the applied pressure is represented by n =DT/Dt =36 points for
each element.
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Fig. 4. Time history of the front axle load for the passage of the vehicle on the road unevenness at a vehicle speed (a)

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

Fig. 6. Time history of measured and predicted free €eld vertical particle velocity

() X=8m

Fig. 7. Time history of measured and predicted free €eld transverse particle velocity

119

V=30km/h, (b) V=58km/h.

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=30km/h. Both the vertical and transverse
particle velocities ( V, and V,) are compared at distances of
X=8m and 16 m from the load axis. The horizontal vibration  V,
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 V, are of the
same order of magnitude for X=8m 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

(b) X=16m

V, * Vehicle speed V=30 km/h (predicted: solid line; measured: dashed line).

(b) X=16m

Vy * Vehicle speed V=30 km/h (predicted: solid line; measured: dashed line).
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Table 4
Insuence of the vehicle speed on the ground vibrations ( V, in mm/s).

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

4 8 12 16 20 24
15 0.57 0322 0.22 0.16 0.116 0.114
30 2.361 1335 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

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 ineuence 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. Ineuence of the vehicle speed

Table 4 and Fig. 8 show the ineuence 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
V, (resp. V) due to the radiation and material damping is illus-
trated in Fig 8a (resp. Fig. 8b). This attenuation could be expressed
as follows:

Ln.V,=Vt~ aXt b At

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 V.

4.2. Ineuence 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

Fig. 8. Ineuence 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) Trgpezoidal traffic calmig (Case 3)

Fig. 9. Different pro€les of speed reducers used in the numerical model.
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Fig. 10. Time history of the front axle load induced by different speed reducers ¢

Fig. 11. Frequency content of the front axle load induced by different speed reducers *

Table 5
Ineuence of the speed reducer geometry on the ground vibrations (  V, 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
) 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
Ineuence of the speed reducer geometry on the ground vibrations (  Vy 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
) 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

French regulations given by the center for studies on urban plan-
ning, transportation and public faciliies  [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

V=36 km/h.

V=36 km/h.

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
Ineuence of the suspension system on the ground vibrations (  V, mm/s) V=236 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

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 ineuence 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



122 M. Mhanna et al./ Computers and Geotechnics 39 (2012) 116-123

(a) Histoy diagram

(b) Fourier spectra

Fig. 12. Ineuence of suspension system on the front axle load.

Fig. 13. Ineuence of the suspension system on the particle velocity at
the road center.

X=10 m from

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. Ineuence 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 ineuence 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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