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Numerical Analysis of a Tunnel in Residual Soils
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Abstract: This paper presents results of an elastoplastic finite element back analysis of a shallow tunnel through residual s
tunnel was constructed as part of the expansion of the underground transit system in the city of Sa˜o Paulo, Brazil. A comprehensive
laboratory testing program on undisturbed soil samples was performed in order to characterize the stress–strain–strength beha
residual soils. Results from this laboratory testing program were used to calibrate a nonassociated elastoplastic constitutive mod
to reproduce the behavior of the residual soils under stress paths typical of underground excavation. A stress transfer method i
to simulate, using a two-dimensional finite element analysis, the response of the soil mass to the three-dimensional advance
tunnel excavation. Comparisons are presented between monitored displacements from an instrumented section of the Para´so tunnel,
empirical predictions, and the results of a finite element back analysis. Good agreement is achieved between the displacemen
from field instrumentation data and the empirical and numerical results.
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Introduction

New underground transportation systems have been constru
and significant upgrades to existing infrastructures took pl
within the last decade in major cities in Brazil. In particular, t
subway system in Sa˜o Paulo, the largest city in South Americ
underwent a recent major expansion. Part of the subway cons
tion was performed using cut-and-cover excavation procedu
However, as the subway served the populous Sa˜o Paulo financial
district, most of its expansion was constructed using shallow
neling techniques for excavating the typical residual soils of
São Paulo basin.

Prediction of ground movements within the soil mass s
rounding excavations is a major design issue, particularly
densely populated urban areas. Numerical modeling~e.g., the fi-
nite element method! has been used for evaluation of the behav
of excavation projects in big metropolises. However, the accur
of the numerical modeling effort depends to a large extent on
adequacy of the stress–strain–strength relationships used to
resent the behavior of the soils surrounding the excavation. S
cifically, the constitutive model should be able to capture the
behavior under stress paths typical in excavation projects.

Elastoplastic models have been particularly useful in rep
senting the behavior of soils. However, most of the reported
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perience has been on the use of these models with reconsti
clays and sands. So far, little experience has been accumulate
the use of elastoplastic models to represent the behavior of
technical structures involving undisturbed, unsaturated soils. T
seems to be also the case of tunneling through residual s
~Negro 1998!.

Prediction of ground displacements induced by shallow und
ground excavations also requires adequate simulation of the
quential construction stages. Two-dimensional~2D! finite element
analyses have been performed to simulate excavations, par
larly when construction involves open-cut procedures~e.g.,
Whittle et al. 1993; Zornberg and Azevedo 1998!. When con-
struction involves tunnel excavation, the numerical simulat
would ideally be performed using three-dimensional~3D! analy-
ses~Augarde et al. 1994; Walter 1997; Targas et al. 1998!. How-
ever, 3D analyses of geotechnical projects involving the use
nonlinear solvers to handle elastoplastic soil models are norm
not performed due to high computational costs. Thus, meth
that account for 3D effects using 2D approximate analysis h
been proposed~Panet and Guenot 1982; Schikora and Osterme
1988; Bernat and Cambou 1995; Malato et al. 1998!. These sim-
plified methods are generally based on approaches such as ‘‘
ness softening’’ and ‘‘stress relaxation’’. The first approach
volves a progressive decrease of the stiffness of the excav
elements along with the progressive application of bound
stresses. The stress relaxation approach involves the comple
moval of the excavated elements stiffness before the boun
stresses are progressively applied. None of these approa
however, allows for proper simulation of the construction of t
tunnel lining system~Negro and Eisenstein 1991!.

In this paper, a comprehensive laboratory testing program
described which includes testing of undisturbed samples of
sidual soils sheared under stress paths representative of ex
tions. The results of this experimental program were utilized
calibrate the nonassociated elastoplastic model~Lade 1977, 1979!
used to represent the behavior of the residual soils. A stress tr
fer method is then proposed to simulate, using a 2D elasto-pla
AL AND GEOENVIRONMENTAL ENGINEERING / MARCH 2002 / 227
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finite element analysis implemented in the codeANLOG ~Zorn-
berg and Azevedo 1990!, the 3D characteristics of a tunnel a
vancement. Comparisons are presented between numerical r
obtained after the tunnel construction, empirical predictions,
field instrumentation data.

Project Description and Subsurface Conditions

The tunnel analyzed in this study was part of the expansion of
underground transit system in Sa˜o Paulo, Brazil. The tunnel sec
tion evaluated in this paper is part of the Paulista line, a 4.5
long portion of the expansion completed in 1991, which serves
important financial district of the city. Because of the major traf
problems that an open-cut excavation would have imposed on
region, a tunnel excavation approach was selected. The tu
was constructed using either a tunneling boring machine me
or a sequential excavation method~Eisenstein and Sorense
1986!.

The section of the Paulista line evaluated in this paper,
Paraı´so tunnel, is located near the Paraı´so station and was buil
using a sequential excavation method. The tunnel, approxima
103 m long, has a maximum height of 8.4 m and a maxim
width of 11.4 m~82 m2 net area!. Fig. 1 shows a cross section o
the tunnel. The thickness of the soil cover above the tunnel cr
ranges from 6 to 9 m. Specifically, the soil cover thickness at
instrumented section analyzed in this paper is 7.6 m. The sup
system consists of a 0.20 m-thick primary shotcrete and a 0
m-thick secondary shotcrete liner.

The Paraı´so tunnel was excavated through residual soils of
São Paulo basin, a tertiary sedimentary deposit of fluvi
lacustrine origin. The sediments in the Sa˜o Paulo basin underwen
a weathering process that left characteristics such as mottling
precompression caused by desiccation. Massad et al.~1985! and
Kupper et al.~1985! investigated the geotechnical characterist
of the residual soils of the Sa˜o Paulo basin. A typical geotechnica
profile includes an upper layer of ‘‘residual red clay’’ underlain
a layer of ‘‘residual variegated clay’’. The residual red clay
normally located above the water table and typically shows
horizons, with the upper one generally showing more inte
weathering. The structure of the residual red clay is notoriou
open, with a void ratio often exceeding 1.0.

The geotechnical profile at the location of the Paraı´so tunnel is
shown in Fig. 2. Fill material constitutes the upper 2 m of the
profile and is underlain by an approximately 9 m thick layer of

Fig. 1. Tunnel cross section~lengths in meters!
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residual red clay. This residual soil is a porous and slightly ov
consolidated@overconsolidation ratio~OCR! 2 to 3# clay with
standard penetration test~SPT! blow counts ranging from 4 to 11
The layer of residual variegated clay is approximately 11 m th
at this location. This soil is a stiff, fissured, overconsolidat
~OCR 5 to 6! clay with SPT blow counts ranging from 16 to 22
These residual clay materials underwent a laterization proc
after their deposition in the tertiary age. A very stiff clay sa
layer with a SPT blow count ranging from 28 to 35 underlies t
residual clay layers. The groundwater table is located at a dep
12 m, approximately between the residual red clay and the
sidual variegated clay layers. As indicated in Fig. 2, the upper
lower halves of the tunnel were excavated, respectively, thro
the residual red clay and the residual variegated clay layers.

A slope indicator and six surface settlements points were
stalled at a transversal section of the Paraı´so tunnel to monitor
displacements of the adjacent soil mass. Location of these in
ments is also shown in Fig. 2. Fig. 2 also illustrates the const
tion sequence of the Paraı´so tunnel, which included three phase
The first phase, excavation of the tunnel crown, was performe
1.6 m long segments. Primary support consisted of I-shaped
mm height steel ribs, and 0.20 m thick shotcrete liner. After
installation of this support system, the central ground core w
excavated~Phase 2 in Fig. 2!. These two phases were repeat
until a maximum heading advance of 7 m. Finally, the bench w
excavated in 1.6 m long segments~Phase 3 in Fig. 2!. A primary
support system similar to that used in the heading excavation
used, but without any invert support structure. After complet
of the tunnel excavation, the thickness of the shotcrete liner
increased to 0.35 m.

Behavior of Sa˜o Paulo Residual Soils

Laboratory Testing Program

A comprehensive laboratory testing program using undistur
samples of the residual soils was undertaken as part of this in
tigation in order to characterize the stress–strain–strength be
ior of the residual soils in the Sa˜o Paulo sedimentary depos
~Parreira 1991!. Results of this testing program were subsequen
used to calibrate the elastoplastic model employed in the num
cal analyses described herein.

Fig. 2. Geotechnical profile, tunnel construction phases, and ins
mentation
EERING / MARCH 2002
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Undisturbed soil block samples~50 cm long sides! were col-
lected in a test pit located close to the Paraı´so tunnel. Blocks of
residual red clay were collected at depths of 3.5 and 6.5 m,
blocks of residual variegated clay were collected at depths of
and 12.5 m. Table 1 shows in situ moisture content,w, void ratio,
e, degree of saturation,Sr , in situ unit weight,gnat, specific
gravity of soil solids, Gs, liquid limit, LL, plasticity index, PI, an
the overconsolidation pressure,spc, of the residual soils. Both
soils show a comparatively high in situ void ratio.

Considering that the behavior of the residual red clay was v
sensitive to moisture variations because of its open struct
laboratory testing of this material was performed using soil sp
mens at the in situ moisture content. Laboratory testing of
residual variegated clay was performed using back-pressure
rated specimens.

Conventional laboratory tests are generally performed follo
ing compression loading stress paths. However, in situ stre
within the soil mass surrounding tunnel excavations generally
low vertical and horizontal unloading stress paths~Ng and Lo
1985!. To adequately stimulate the field behavior, the laborat
testing program included isotropically consolidated drained
axial tests, under both loading and unloading stress paths.
cifically, the testing program performed for the investigation
cluded hydrostatic compression tests~HC!, conventional triaxial
compression tests~CTC!, reduced triaxial compression tes
~RTC!, and reduced triaxial extension tests~RTE!. The stress
paths used in the testing program are illustrated in Fig. 3.

The CTC and RTE tests were performed using a stra
controlled triaxial cell loading device, whereas the RTC te
were conducted using a stress-controlled triaxial cell loading
vice. Radial displacements were measured directly on the
specimens during the tests using a C-shaped aluminum cl
instrumented with strain-gages~Parreira 1991!.

Table 1. Soil Properties

Property

Residual red clay Residual variegated clay

~3.5 m! ~6.5 m! ~9.5 m! ~12.5 m!

W„% … 41.5 41.0 36.5 37.1

e 1.62 1.52 1.04 1.02

Sr„% … 69.6 72.4 92.2 96.8

gnat„kNÕm3
… 14.4 14.7 17.2 17.8

Gs 2.72 2.68 2.63 2.65

LL 78.8 73.8 89.5 90.8

IP 29.3 25.7 42.1 43.4

spc„kPa… 127.5 196.0 760.0 814.0

Fig. 3. Stress paths used in testing program
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Characteristics of Constitutive Model

The elastoplastic model developed by Lade~1977, 1979! was
used to represent the stress–strain–strength behavior of th
sidual soils. This model has been used to characterize the be
ior of remolded soils~either sands or normally consolidated clay!
under saturated and dry conditions.

A brief overview of the original model and additional featur
used in this investigation are presented herein in order to de
relationships and parameters used later in the paper. The el
plastic model uses an isotropic work-hardening framework a
considers two yield surfaces: a conical-shaped yield surface c
acterized by a nonassociated flow rule~plastic expansive surface!,
and a cap-type yield surface governed by an associated flow
~plastic collapsive surface!. Accordingly, the total strain incre-
ments are divided into elastic, plastic expansive, and plastic
lapsive components.

The elastic strain increments are calculated using Hooke’s
assuming a constant Poisson’s ratio,n, and a Young’s modulus,E,
given by

E5Kurpa~s3 /pa!n (1)

wherepa5atmospheric pressure;Kur andn5model parameters
ands35minor principal effective stress.

The plastic collapsive strain increments are calculated usin
associated flow rule and a yield functionFc , which is a function
of the effective stress tensor,s, and of the plastic collapsive work
Wc . The plastic yield functionFc is given by

Fc~s,Wc!5 f c~s!2~pa /p!2~Wc /pa2c!250 (2)

wherec andp5model parameters andf c5collapsive stress leve
defined as

f c~s!5I 1
212I 2 (3)

where I 1 and I 25first and second stress invariants~I 15s11s2

1s3 , I 252s1s22s1s32s2s3! ands1 ands25major and in-
termediate principal effective stresses.

Plastic expansive strain increments are calculated using a
associated flow rule. The yield functionFp is a function of the
effective stress tensor,s, and of the plastic expansive work,Wp .
The expansive yield functionFp is given by

Fp~s,Wp!5 f p~s!2ae2bWp~Wp /pa!1/q (4)

where a, q, and b vary with the confining pressure andf p

5expansive stress level defined as:

f p~s!5~ I 1
3/I 3227!~ I 1 /pa!m (5)

where I 35third stress invariant (I 35s1s2s3) and m5a model
parameter. The constantsa, b, andq are related to the confining
pressure by additional four model parameters~c, G, P, and l!.

The plastic potential function,gp , used to define the expansiv
plastic strains is:

gp5I 1
32@271h2~pa /I 1!m#I 3 (6)

whereh2 is defined as

h25S fp1R~s3 /pa!1/21t (7)

andS, t, andR5model parameters.
Failure is defined when the expansive stress levelf p(s) satis-

fies the condition:

f p5h1 (8)

where h15model parameter. A mobilized shear strength is d
fined for the purposes of this investigation as the SR given b
AL AND GEOENVIRONMENTAL ENGINEERING / MARCH 2002 / 229
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SR5h1 / f p (9)

SR51 when the soil reaches its maximum shear strength
tends toward infinity when the soil approaches a hydrostatic c
pression condition.

Lade’s original model requires 14 parameters: three of th
define the elastic strain increment~Kur , n, andn!; two parameters
define the plastic collapsive strain increment~p and c!; two of
them define failure~h1 andm!; three parameters define the dire
tion of the plastic expansive strain increment~S, R, and t!; and
four of them define the magnitude of the plastic expansive st
increment~c, G, p, and l!. All these parameters can be obtain
from HC and CTC drained tests with volume change meas
ments.

The residual red clay is unsaturated at the Paraı´so tunnel site.
Suction in an unsaturated soil influences the deformability
shear strength of the material~Alonso et al. 1990; Leroueil 1997!.
In order to approximately account for the unsaturated conditio
the residual red clay, the laboratory tests were performed u
specimens at the in situ moisture content. For this soil, Lad
model parameters obtained with these tests were used to an
the field condition assuming that only small changes of moist
content occur in the field and that these small changes do
cause significant variation in suction.

The residual red clay and the residual variegated clay are o
consolidated soils. In order to account for the overconsolida
condition of the soil when using Lade’s model, a procedure w
implemented to determine the initial location of the yield fun
tions f p0 and f c0 . Unlike for normally consolidated soils, stres
levels f p0 and f c0 do not correspond to the stress levelsf p and f c

defined by the in situ stresses within the soil mass. Instead,
determination off p0 and f c0 is made using Eqs.~3! and ~5!,
respectively; assuming thats1 equals the preconsolidation pre
sure obtained from oedometer testing ands35s1 . K0 , whereK0

is the at-rest earth pressure coefficient.
A slight modification was also incorporated to the origin

elastoplastic model to better fit the residual soils experime
data. The model parameterS, used in the original formulation to
define the relationship between the plastic potential parameteh2

and the expansive stress levelf p was defined as a function of th
confining pressure as follows:

S5s11s2~s3 /pa!1/2 (10)

where s1 and s25model parameters. With this modification,
total of 15 parameters would be required to model the behavio
the residual soils.

Comparisons between Laboratory Results and Model
Predictions

The calibration procedure to obtain the elastoplastic paramete
described by Lade~1977, 1979! and will not be repeated here
The elastic parameters were obtained from unloading–reloa
cycles; the plastic collapsive parameters were obtained from
tests results, and the failure and plastic expansive param
were obtained from CTC tests results~Parreira 1991!. Table 2
presents the nondimensional parameters obtained using the
bration procedure suggested by Lade~1977, 1979!. The param-
eters were obtained for the residual red clay using results f
samples collected at depths of 3.5 and 6.5 m. Since residual
iegated clay at depths of 9.5 and 12.5 m showed similar beha
results from these depths were combined in the analysis.

Table 2 also shows the stress levelsf c0 and f p0 , which define
the initial location of the collapsive and expansive yield surfa
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for the overconsolidated residual clays. These stress levels
defined using an overconsolidation pressure of 760 kPa an
coefficientK0 of 0.84 for the residual variegated clay. An ove
consolidation pressure of 127.5 kPa andK0 of 0.58 were used for
the residual red clay at a depth representative of 3.5 m. The
sidual red clay at a depth of 6.5 m was normally consolidated a
consequently,f p0 was assumed equal to zero.

The parameters listed in Table 2 were used to represent
behavior of the residual red clay and residual variegated c
under HC, CTC, RTC, and RTE stress paths. Fig. 4 shows a
good agreement between experimental results under a HC s
path and the behavior predicted by Lade’s model. Figs. 5 an
compare model predictions with experimental results obtained
the residual red clay and the residual variegated clay under a C
stress path. The agreement is good for both the deviatoric s
and the volumetric strain curves.

Fig. 7 compares the behavior of residual red clay from R
tests as predicted by Lade’s model and as obtained from the l

Table 2. Lade’s Model Soil Parameters

Parameter

Residual red clay Residual variegated cla

~3.5 m! ~6.5 m! ~9.5 and 12.5 m!

Kur 98.50 153.97 1526

n 20.15 0.57 0.61

n 0.27 0.27 0.17

c ¯ ¯ ¯

p 0.0387 0.0199 0.00408

h1 138.40 133.63 254.80

m 1.24 0.88 0.992

s1 0.30 0.41 1.35

s2 0.19 0.00 20.16

R 31.39 3.68 2253.64

t 258.72 217.47 45.23

P 0.400 0.414 0.043

l 0.370 0.446 1.883

c 0.90 1.65 6.11

G 0 0 20.7

fc0„kPa2
… 27,193 0 1,392,709

fp0 10.23 0 5.49

Note: All parameters are dimensionless, unless stated otherwise.

Fig. 4. Hydrostatic compression test results and model predictio
EERING / MARCH 2002
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ratory tests for the soil collected at depth of 3.5 m. Similar co
parisons were obtained for the soil collected at depth of 6.5
The agreement between predicted and experimental results is
sonably good for the deviatoric stress curves. However, for
volumetric strain the agreement is good only for stress ra
~SRs! greater than 1.7~i.e., for stress levels less than approx

Fig. 5. Conventional triaxial compression test results and model p
dictions. Residual red clay~6.5 m deep!.

Fig. 6. Conventional triaxial compression test results and model p
dictions. Residual variegated clay layer.
JOURNAL OF GEOTECHNIC
a-

mately 60% of the stress level at failure!. For SRs between 1.7
and 1.0~failure condition!, Lade’s model predicted a dilatant be
havior, which contradicts experimental observations.

Fig. 8 compares the behavior of residual variegated clay
lowing a RTC stress path as predicted by Lade’s model and
obtained from the laboratory tests. The agreement between
dicted and experimental results is good for both deviatoric str

Fig. 7. Reduced triaxial compression test results and model pre
tions. Residual red clay~3.5 m deep!.

Fig. 8. Reduced triaxial compression test results and model pre
tions. Residual variegated clay layer.
AL AND GEOENVIRONMENTAL ENGINEERING / MARCH 2002 / 231
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and volumetric strain results corresponding to SRs above app
mately 1.2~i.e., stress levels less than approximately 80% of
stress level at failure!.

RTE is a stress path typical of the soil mass located at
bottom of excavations. Consequently, because of the locatio
the residual variegated clay layer~see Fig. 2!, a RTE stress path is
relevant for this material and was included as part of the labo
tory testing program. Fig. 9 compares the behavior of resid
variegated clay under this stress path as predicted by La
model and as obtained from the laboratory tests. The agree
between predicted and experimental results is fairly good, part
larly for SRs greater than approximately 1.2~i.e., below 80% of
the stress level at failure!.

The differences observed in the volumetric behavior predic
by the model will not significantly effect the results of the n
merical simulation because, as will be shown later, the SR
small ~e.g., smaller than two! only in a very small region close to
the tunnel floor. The residual variegated clay located at this reg
is much stiffer than the residual red clay and does not sign
cantly influence the ground movements induced by the tun
excavation. Moreover, the stress levels induced by the tunne
cavation in the entire residual red clay layer were far from failu
~i.e., stress levels at which the model response was fairly go!.

Numerical Simulation of Tunneling Process

The finite element simulation of a tunnel excavation through s
should ideally be performed using a 3D analysis. However, du
high computational costs, nonlinear 3D analyses are typically
performed for most projects. Thus, a methodology that appr
mately accounts for 3D effects using a 2D analysis was used
the numerical evaluation of the Paraı´so tunnel.

The 2D finite element simulation of the Paraı´so tunnel was
performed in four stages:
1. Determination of initial in situ stresses@Fig. 10~a!#: The ini-

Fig. 9. Reduced triaxial extension test results and model predictio
Residual variegated clay layer.
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tial stresses within the soil mass are established assum
that they are characterized by aK0 condition. The nodal
forces equivalent to the in situ stresses along the perimete
the excavation (2P0) are calculated. These equivalent nod
forces are used in subsequent stages of the simulatio
estimate the imposed forces on the excavation perimete

2. Simulation of stress relief before excavation of the tun
section@Fig. 10~b!#: The stress state induced within the so
mass before the heading of the excavation reaches the
tion under evaluation is simulated. This is performed by a
plying a fractiona of the equivalent nodal forcesP0 calcu-
lated along the perimeter of the future tunnel excavation. T
coefficienta is estimated by evaluating the magnitudeaP0
of nodal forces necessary to induce the surface settleme
the instrumented section immediately before the heading
the excavation reaches this section.

3. Simulation of stress relief during excavation of the tunn
section@Fig. 10~c!#: The stress state in the soil mass wh
the head of the excavation reaches the section under ev
ation, but before the liner is installed, is determined. This
done by excavating the soil elements and by a trial-and-e
procedure that determines the fractionz of the equivalent
nodal forcesP0 which will induce incipient failure of the
tunnel. Incipient failure is defined numerically when no co
vergence can be achieved using the incremental-iterative
lution of the nonlinear problem. Subsequently, nodal forc
bP0 , whereb is equal toz divided by a reduction~safety!
factor F, are applied along the perimeter of the tunnel.

4. Simulation of stress relief after liner installation@Fig. 10~d!#:
The stress state induced in the soil mass following insta
tion of the liner is determined. The material properties of t
soil elements surrounding the tunnel are changed to thos
the shotcrete liner. The remaining fractionh of the equiva-
lent nodal forcesP0 , whereh512(a1b), are applied in
this stage.

Numerical Simulation of Paraiso Tunnel

The 2D plane strain analysis of the Paraı´so Tunnel was performed
using the finite element codeANLOG, which is a multipurpose,
nonlinear finite element program developed for analysis of g
technical projects~Zornberg and Azevedo 1990!. Eight-node iso-
parametric plane strain elements are used to model soil, and th

.

Fig. 10. Two-dimensional simulation of tunneling process
EERING / MARCH 2002
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node bar elements are used to simulate struts and anchors. O
the several models implemented in the program is the nonas
ated elastoplastic model developed by Lade~1977, 1979!.

In order to facilitate simulations involving sequential analys
a macrocommand feature was implemented in the program.
feature uses a set of compact and independent subprograms
one designed to compute one or just a few basic steps in the fi
element simulation process. The use of macrocommands is
ticularly useful to simulate the sequential construction of geote
nical structures such as tunnels, excavations and embankme

Numerical simulation of excavations is performed by releas
equivalent nodal forces defined by the in situ soil stresses exis
along the excavation perimeter before construction. Calcula
of the equivalent nodal forces is performed using either the p
cedure proposed by Clough and Mana~1976! or the procedure
proposed by Brown and Booker~1985!. Elements and node
within the perimeter of the excavation are removed from the m
during the numerical simulation and the nodes remaining in
mesh are automatically renumbered before proceeding to the
sequent stages of the finite element analysis. An updated ve
of theANLOGcode incorporates fully coupled~deformation-pore
pressure dissipation! analyses~Nogueira 1998!.

As the section of the Paraı´so tunnel and the geotechnical pr
file are symmetric, only half of the tunnel cross section was sim
lated. The finite element mesh and the soil profile used in
analyses are shown in Fig. 11. The mesh consisted of 154
ments and 503 nodal points.

The constitutive behavior of the residual clays was mode
using Lade’s elastoplastic model with the parameters listed
Table 2. The constitutive parameters for the linear system are
needed for the analysis~Walter 1997!. Because of lack of experi
mental data regarding stiffness of shotcrete liner systems as
as regarding the time dependency of the liner properties, a p
metric study was performed using a linear-elastic and time in
pendent model to simulate the liner behavior. The vertical d
placements calculated at the crown of the tunnel for liner modu
values of 5, 10, and 20 GPa were 118, 116, and 114 mm, res
tively. These results suggest that the tunnel response, for the r
of modulus values considered in this evaluation, is not very s
sitive to the selected liner modulus. Based on the results of
parametric assessment, a liner modulus of 10 GPa was sel
for the final evaluation of the Paraı´so tunnel.

The magnitude of excavation-induced displacements is hig
sensitive to the state of stress within the soil mass prior to
excavation. An in situ stress state defined by aK0 condition was

Fig. 11. Finite element mesh used in numerical simulation
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assumed before tunnel construction. As mentioned before,K0 val-
ues obtained in the laboratory were 0.58 for the residual red
layers~3.5 and 6.5 m! and 0.84 for the residual variegated cla
layers~9.5 and 12.5 m!. However, considering the difficulties o
accurately definingK0 from undisturbed soil samples of overcon
solidated soils, a sensitivity analysis was also performed in
case. This sensitivity study focused only on theK0 values for the
residual red clay layers, as most of the displacements are in t
layers. The best agreement between field and numerical re
was obtained for aK0 value of 0.40 for the residual red cla
layers. Therefore, the finite element analysis was finally p
formed usingK0 values of 0.40 and 0.84 for the residual red cl
and residual variegated clay layers, respectively.

The final simulation was performed using the four stages
scribed previously to represent the tunnel advancement~Fig. 10!.
For the stress relief before excavation of the tunnel section~Stage
b!, the surface settlement required to determine coefficiena
should be estimated using previous field observations or, in s
ations were these observations are not available, by approxim
analyses of the longitudinal tunneling advance~Hanafy and
Emery 1982; Pierau 1982!. The in situ surface settlement me
sured at the Paraı´so tunnel centerline when the excavation hea
ing reached the instrumented section was 38.2 mm, which co
sponds to 46% of the total settlement~Fig. 12!. A coefficienta of
0.60 was obtained, which defines the magnitude of nodal for
required to numerically obtain this measured settlement.

The fraction of the equivalent nodal forces that induces
incipient failure of the tunneling simulation process~Stage c! was
estimated as 0.29P0 . The selected value for theb coefficient was
determined using a reduction factorF51.4. Consequently,b was
0.21 (b50.29/F) to simulate the stress relief after excavation
the tunnel section. The reduction factorF can be correlated with
the ‘‘standup time,’’ which is the time for tunnel excavations
remain open before the roof begins to fail. If the standup time
short,F will be close to one as the tunnel will be brought to th
verge of failure. For increasing values of standup times,F will be
progressively larger than one.

Five load increments and an iterative procedure using
Newton–Raphson method were used in each stage of the exc
tion simulation. Stress and displacement fields were obtaine
the soil elements for each stage of the analysis.

Fig. 13 shows the results of total~final! surface settlements
profile induced at the instrumented section by the tunnel exca
tion. The field data in Fig. 13 is compared to the profiles obtain
from the numerical analysis and from available empirical me

Fig. 12. Variation of surface settlement at instrumented section w
distance to excavation heading
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ods. The subsidencedn obtained empirically was expressed as
Gaussian function of the distancey to the tunnel centerline de
fined by ~e.g., Peck 1969!:

dn~y!5dm exp~2y2/2i 2! (11)

wheredm5the maximum settlement above the tunnel crown a
i 5a parameter for which different expressions have been
posed in the literature. One such expression~New and O’Reilly
1991! is obtained as follows:

i 5KH (12)

where H5the distance from the tunnel axis to the surface a
K5a parameter depending on the soil type~K50.6 for clays!.

The short-term volumeVs of the subsidence bowl~for unit
tunnel length! can be obtained from Eq.~11! as:

Vs52.5idm (13)

In cohesive soils, this volume is equal to the ‘‘lost groun
volume,VL . ‘‘Lost ground’’ volume is the volume of soil initially
outside the future lining region, which is removed during exca
tion. A ratio of VL /VT equal to 2% is typical for soft soils
~Shirlaw and Doran 1988!, whereVT5excavated volume per uni
tunnel length. This allows Eq.~13! to be solved for the maximum
settlementdm as:

dm5VT /~125i ! (14)

In the case under consideration,VT582 m3/m, K50.6, H
512 m, so that Eqs.~12! and ~14! lead to i 5KH57.2 m and
dm50.09 m.

These results allow the settlement profile to be calculated
means of Eq.~11!, as shown in Fig. 13. It can be seen that t
empirical prediction is in good agreement with the measured
finite element displacements.

Significant assumptions were made to obtain the empirica
lationship for the case of residual clay soils. Nonetheless,
good agreement between empirical results, for which signific
experience has been accumulated over the years, and num
results is encouraging.

When compared with semi-empirical analyses, the propo
numerical simulation is certainly more laborious and expens
However, in addition to subsidence curves that can be obta
semi-empirically, the numerical analysis can provide the en
field of ~vertical and horizontal! displacements, the stress sta
and the stress level within the soil mass at any stage of the tu
excavation, as well as the stresses and displacements of the
support system.

Fig. 13. Comparisons of final surface settlement profiles at ins
mented section
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Fig. 14 shows a comparison between the total~final! horizon-
tal displacements monitored at the instrumented section by
inclinometer and the values predicted by the finite element an
sis. Also in this case, a good comparison is observed betw
field and numerical results.

Fig. 15 shows contours of the mobilized stress ratio@Eq. ~9!#
obtained within the soil mass adjacent to the tunnel after exca
tion was completed. The numerical simulation shows no deve
ment of a generalized failure mechanism. Indeed, the results
dicate that the shear strength of the soil is fully mobilized~i.e., SR
close to one! in a small and localized area towards the base of
tunnel. The residual variegated clay in this location is mai
subjected to RTE stress paths. As discussed previously, the
stitutive model showed good agreement with the experime
data up to approximately 80% of the stress level at failure. C
sequently, the volumetric behavior obtained by the numer
analysis is not strictly correct in this area. However, the errors
this region did not influence the overall good performance of
numerical results because the residual variegated clay is m
stiffer than the residual red clay, the region is comparativ

Fig. 14. Comparisons of final horizonal displacement profiles at
strumented section

Fig. 15. Stress ratio isocurves defining mobilized shear strength
EERING / MARCH 2002
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small, and most of the soil mass surrounding the excavation h
SR much greater than two, a condition for which the model r
resentation of the volumetric behavior was good.

Summary and Conclusions

The ability of a finite element numerical simulation to reprodu
the behavior of a shallow tunnel in residual soils was evaluated
conducting a back analysis of the Paraı´so tunnel performance
The stress–strain–strength behavior of the residual soils was
resented by a nonassociated elastoplastic model, which was
brated using the results of a comprehensive laboratory tes
program. Both loading and unloading stress paths, typical of
cavation projects, were conducted as part of the testing prog
using undisturbed, unsaturated soil samples. A stress tran
method was proposed in order to simulate, using a 2D finite
ment analysis, the 3D characteristics of the tunnel excavation
cess.

Comparisons between the laboratory test results and the
toplastic model predictions demonstrated the ability of the mo
to represent the deviatoric stress–axial–strain curves of the
sidual soils under different stress paths. For some stress p
typical of excavations, the volumetric strain–axial–strain cur
predicted by the model did not show good results for stress le
close to the failure condition. Although limited by this observ
tion, the model reproduced the experimental laboratory res
reasonably well. This is particularly relevant since there is li
experience in the technical literature regarding the use of ela
plastic models for undisturbed residual soils, which are typica
unsaturated and slightly overconsolidated.

The procedure proposed to simulate the 3D tunnel adva
using a 2D finite element simulation involves the determination
two parameters,a andb. The surface settlement required to o
tain parametera can be evaluated by using previous field obs
vations or, if these are not available, by 2D numerical simulati
of the longitudinal tunneling advance process. Parameterb is ob-
tained by determining the loading required to numerically indu
failure ~no convergence in the numerical solution! and by subse-
quently reducing this loading by a factor of safety.

The results obtained from the numerical simulation show
good general agreement with the in situ monitored displaceme
Most of the ground movements induced by the tunnel excava
occurred within the residual red clay layer, the stiffness of wh
is significantly smaller than that of the residual variegated c
layer. The stress levels induced by the tunnel excavation wi
the residual red clay layer were far from failure and, in the
circumstances, the model response was fairly good. Althoug
small localized failure area occurred towards the bottom of
tunnel, its presence does not influence the overall good re
obtained from the numerical simulation.

Overall, the results of this investigation showed the ability o
2D elastoplastic finite element analysis to evaluate the defor
tions induced in residual soils by shallow tunnel excavations. K
elements in such simulations are:~1! the use of advanced const
tutive models, calibrated using the results from careful labora
testing programs,~2! the use a finite element code capable
accommodating nuances in the tunnel construction stages, an~3!
the determination of coefficients proposed in this study to sim
late the tunneling process.
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