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THE INFLUENCE OF LATERAL FAULTS IN THE NONLINEAR ANALYSIS IN AN 
ALLUVIONAR VALLEY 

Marcel Vasile Sincraian 
Instituto Superior Tecnico 
1049-001 Lisbon, Portugal 

Carlos Sousa Oliveira 
Instittito Superior Tecnico 
1049-00 1 Lisbon, Portugal 

J. V. Lemos 
LNEC 
1700-066 Lisbon, Portugal 

ABSTRACT 

The nonlinear dynamic behavior of an alluvionar valley situated in S9o SebastGo region in Terceira island (Azores archipel) is performed. 
The Mohr-Coulomb model is used in this paper. A bidimensional cross-section with 1240 m long and 250 m depth is considered. The 

cross-section of the model is composed by layers having different type of ground, each one having their own geotechnical characteristics. 
The Distinct Element method is employed in this case. UDE Code is used. The size of Finite Elements has been tailored to the wavelength 

of the propagating waves through the layers. The objectives of this paper are: 1) The analysis of seismic response in terms of maximum 
values of shear strain at different spots along the depth; 2) The study of the influence of the lateral faults in the seismic response in terms 
of maximum values of shear strain and shear strain-stress relationship; 3) The analysis of the seismic response of the soils at different 
locations in terms of shear strain-stress relationship for “no fault” case. This is the first attempt to study the nonlinear behavior of this 
valley using a 2-D refined model. The UDEC code is used for studying, not only the nonlinear behavior of the soils, but also the influence 
of the faults to the seismic response of the soils. 

INTRODUCTION 

The studies which has been carried out in recently in soil 
dynamics are focused toward a better understanding of the 
seismic behavior of soil and the development of more advanced 
material models, within the framework of the principles of 
continuum mechanics. The theoretical and experimental works 
have been performed. One will concentrate about theoretical 
approaches. Within the theoretical researches, some methods, 
codes and models has been used to study the elastic and non- 
elastic behavior of the soft soils (sedimentary alluvial soils): The 
approach made by Psaropoulos et al. [ 19991 with F.E. analysis 
with ABAQUS was based on the “Effective Seismic Excitation 
Method. Hataniyama et al. [2000] have used the elasto-plastic 
theory to model nonlinear stress-strain relation of the sandy 
alluvium and the joint element to model failure surface. The 
shear strength was obtained by Mohr-Coulomb criterion. Solid 
elements were modeled based on the Cap Model. Associated 
flow rule was used. In order to avoid numerical difficulties due 
to singularities in Mohr-Coulomb hexagonal pyramid in principal 
stress space, Drucker-Prager criterion was used as a failure 
criterion. Parameters of the cap model were determined by trial 
and error so that the calculated stress-strain curve fitted the curve 
obtained by plane strain tests. A 2-D linear finite element 
method (Archimedes code) has been used by Adams et al. [2000] 
to model the propagation of antiplane SH waves within the soft 
sediments and surrounding bedrock, forming a long alluvial 
valley. Kawase et al. [2000] have simulated theoretical seismic 
motions by a 3-D Finite Difference Method. As for surrounding 

boundaries they attach an ordinary transmitting boundary with 
the energy absorbing layers to prevent energy reflections. 
Archuleta et al. [2000] have modelled laboratory tests on sands 
by applying extended Masing rules for hysteresis that follow 
general hyperbolic stress-strain relationships and have 
incorporated this function into a visco-elastic Finite Difference 
Code to propagate vertically incident SH-waves in a layered 
medium. Tokusho [ 19991 have observed the effect of soft soil 
properties on site amplification, using equivalent linear analyses. 
Semblat et al. [ 19991 have used a 2-D Model using Boundary 

Element Method in a frequency domain. CESAR code has been 
used. 

The linear theory of elastic waves propagated trough the solids 
consider that the strains associated with propagation of 
earthquake waves are proportional to V/p where V = particle 
velocity; and p = shear-wave velocity in the medium. 
Measurements of strong earthquake motion indicate that the 
particle velocity rarely exceeds lOOcm/s (Trifunac et aI. 1996). 
Thus, at sites having the value of the shear-wave velocity near 
the surface p = lOOn-& the largest linear strain could be of the 
order of lo‘*, which would lead to nonlinear response. The 
nonlinear behavior could appear for values of shear strain less 
than l@*. It is known that large particle velocities occur in case 
of soft soils. In this case, one of the practical objective could be 
the study of the regions along the depth inside the soil where the 
material is nonlinear. This can be approached by finding the 
regions where the strains exceeds say -10e3% (Trifunac et al. 
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1996). One will follows herein this criterion for studying the type (in 2D). The assignment of contact areas allows the 
nonlinear zones. In this paper, the nonlinear dynamic behavior interface constitutive relations to be formulated in terms of 
of an alluvionar valley situated in S?io SebastiHo region in stresses and relative displacements across the joint. An 
Terceira island (Azores) is performed using a 2-D model. advantage of this approach is the natural transition it allows into 
Discrete (or distinct) element method is used. Discrete element the large displacement regime, as the contact locations and 
methods represent a structure as an assembly of component orientations are continuously updated in the course of analysis. 
blocks in mechanical interaction across joint surfaces. In the UDEC includes efficient routines for contact detection and 
code UDEC (Itasca [2000]), used in the present study, blocks update. The solution procedure is based on the explicit time 
may be either rigid or deformable, the latter being discretized integration of the equations of motion of the rigid blocks, or the 
into a finite element mesh. The representation of contact nodal points of deformable blocks. This technique is also used 
between blocks is not based on joint elements, but relies on sets for quasi-static problems, using artificial viscous damping 
of point contacts, of either vertex-to-vertex or vertex-to-edge controlled by an adaptive algorithm. 
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Fig. 1. The cross-seclion of the model. 

The valley is assumed as having a vertical separation from the 
outer region corresponding to a collapse in the interior. From 
here onwards we call this separation as a “fault”. The cases 
considering the existence of the fault (“with fault” case) and 
considering the nonexistence of the fault (“no fault” case) are 
performed. 

The objectives of this paper are: 1) The analysis of seismic 
response in terms of maximum values of shear strain at different 
spots along the depth for “with fault” and “no fault” fault cases; 
2) The study of the influence of the faults in the seismic response 
in terms of maximum values of shear strain; 3) The analysis of 
the seismic response of the soils at different locations in terms of 
shear strain-stress relationship for “no fault” case. This is the 
first attempt to study the nonlinear behavior of this valley using 
a 2-D refined model. The UDEC code is used for studying, not 
only the nonlinear behavior of the soils, but also the influence of 
the faults to the seismic response of the soils. 

THE 2-D MODEL AND THE PROPERTIES OF THE SOILS 
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A bidimensional model is considered. The dimensions of the 
cross section of the model used are: 1240 m length and 250 m 
depth. The Fig. 1 shows the cross-section used. The cross- 
section presents two “old” vertical faults situated at x=170m and 
x= I 170m and is composed by 6 types of soils, each one having 
their own geotechnical characteristics. The “old” vertical faults 
reach -235m depth. The properties gathered from “in situ” tests, 
and used herein, are represented in Table 1. These soils, which 
had formed as layers, can be divided in two groups. The “soft” 
soils as soil 1, 3 and 5 in Table 1 (Alluvial deposits) with shear 
velocity less than 300 m/s and rock as “soil” 2,4 and 6 in table 
1 (Basalt) with shear velocity grater than 1500 m/s. In Fig. 2, a 
detail of the mesh used for this model is shown. Note that each 
soil type appears inside and outside the valley, displaced 
vertically approximately 80m. Each soil type is considered as a 
separate deformable block. The mesh, inside each of these 
deformable blocks, has the same size of triangular elements. The 
formulation of these triangular elements is similar to the constant 
strain finite element formulation. The size of these triangular 
elements, inside the deformable blocks, has been tailored to the 
wavelength of the propagating waves through the layers. As a 
result of this, the “soft” soil zones have a more refined mesh. A 
less refined mesh is considered for the rock zones. The elastic 
joints are used, between all the deformable blocks, in case of 
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nonexistence of the faults. The inelastic joints are used only for 
the faults, and elastic ones between the others, in case of 
considering the existence of the faults. The mesh used has 36504 
nodes. Wave reflections at the model lateral boundaries are 
minimized by using both quiet (or absorbing) and free-field 
boundary conditions. The viscous (quiet) lateral boundary 
developed by Lysmer ef al. [ 19691 is used in UDEC. It is based 
on independent dashpots in the normal and shear directions at the 
model boundaries. The free-field lateral boundaries supplies 
conditions that are identical to those in an infinite model. In this 
way, plane waves propagating upward suffer no distorsion at the 
boundary because of the existence of free-field grid. This 
approach was used in the continuum finite difference code 
NESS1 by Cundall et al [1980]. A technique of this type is 
developed in UDEC. The Rayleigh mass proportional damping, 
is used herein. The critical damping ratio, in this case, is 5% for 
a frequency=0.5 Hz. 

1 
2 

0.25 
0.22 

(T/m*3) (M/s) @Pa) (Degrees) 
1.7 200 19 30 
2.8 2000 66200 31 

3 0.25 1.5 150 19 30 
4 0.22 2.8 2000 66200 31 
5 0.25 1.7 200 19 30 
6 0.22 2.8 3000 66200 31 

THE ACCELEROGRAM USED 

The main shock of the July 9, 1998 earthquake recorded in 
Azores archipel and divided by 4 is used. The horizontal (N-S) 
and the vertical component of accelerogmm used in this work are 
represented in Fig. 3. They are applied, as velocities, at the 
bottom of the model cross-section. 

Fig. 2. The mesh used (a detail). 

The “soils” 2, 4 and 6 are associated to “Nevada Test Site 
Basalt” regarding the cohesion, Poisson ratio and the angle of 
friction (Itasca, [2000]). The soils 1,3 and 5 are associated with 
“soft soils” regarding the cohesion, Poisson ratio and the angle 
of friction (Paunescu al al. [ 19821). The velocity and density of 
“soft soils” and rocks respectively were gathered from testing in 
soils with similarities to the ones of SBo Sebastiao (Nunes, 
[2000]). This study is focused in some spots along the depth for 
only a few collums situated at x coordinate equal with: 150m, 
168m, 172m, 190m, 480m and 670m respectively, see Fig. 1. 

Table I The properties of soils 

Soil Poisson Density Vs Cohesion Angl. 
Ratio Friction 
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Fig, 3. The accelerogram used: a) North-South component and 
b) Vertical component. 

THE SEISMIC RESPONSE IN TERMS OF MAXIMUM 
VALUES OF SHEAR STRAIN ALONG THE DEPTH 

The seismic response of the soil in term of maximum values of 
shear strain along the depth at different positions are presented 
in this part. At 20m in the left hand side of the fault the seismic 
response is as it can be seen in Fig. 4. There is an increase of 
shear strain for the soil situated near the surface until almost 
0.006% (soft soil) for both cases “with fault” and “no fault”. 
Near the fault, at 2m left and right hand side respectively, there 
is a small increase of the seismic response in terms of maximum 
values of shear strain around -170m depth and a grater increase 
near the surface for both cases “with fault” and “no fault” (Fig. 
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shown in Fig. 7. 5 and 6). 

-N 0 FAULT -WITH FAULT 

O.OOEWD l.OOEa3 Z.OOE.03 3.WE03 4.00E-03 5.00E-03 6.00E-63 

MAXIMUM VALUES OF SHEAR STRAIN (X) 

Fig. 4. The seismic response in terms of maximum values of 
shear strain along the depth at a spot situated at 2Om 
left from the fault (x=i5Om). 
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Fig. 7. The seismic response in terms of maximum values of 
shear strain along the depth at a sDot situated at 2Om 
right from the fault (x=1 90m). 
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Fig. 5. The seismic response in terms of maximum values of 
shear strain along the depth at a spot situated at 2m left 
from the fault (x=i68m). 

Fig. 8. The seismic response in terms of maximum values of 
shear strain along the depth at a spot situated on the 
right side of the fault (x=48Om). 
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Fig. 6. The seismic response in terms of maximum values of 
shear strain along the depth at a spot situated at 2m 
right from the fault (x= I72m). 

The values of seismic response of the soil, in terms of maximum 
values of shear strain, for both cases “with fault” and “no fault”, 
are decreasing as one is going toward the center of the valley, 
both at -7Om and -170m depth (Fig. 7, 8 and 9). One can 
observe that, there is an influence of the fault at 20m right hand 
side for the fault. The maximum values of the shear strain, at 
this spot situated at 20m, right hand side for the fault, at -7Om 
for “no fault” case are grater than for “with fault” case as it is 

-NO FAULT -WITH FAULT 

-50 

rb 

OBOE+00 l.OOEQ3 2.WE-03 3.00E43 4.WEQ3 

MAXIMUM VALUES OF SHEAR STRAIN (%.) 

Fig. 9. The seismic response in terms of maximum values of 
shear strain along the depth at a spot situated at the 
center of the valley (x=67Om). 

THE SEISMIC RESPONSE IN TERMS OF SHEAR STRAIN- 
SHEAR STRESS RELATIONSHIP 

The shear-strain-stress relationship is studied herein. The spots 
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situated at the specific coordinates studied in the previous 
section, where one assume the existence of nonlinearity in the 
seismic response of the soil, are analyzed in term of shear-strain- 
stress relationship. These spots could be where the maximum 
values of shear strain are around lE-03 %. Following the 
criterion one has referred to in introduction, for the points 
situated at the specific coordinates studied in the previous 
section, the plastified zones are observed. The “no fault” case is 
chosen to be presented below. As it can be seen in Fig. 10, for 
values of shear strain around lE-03% it appears signs of the 
plastitication of the “soft” soil. For the point having coordinates 
x=190m and y=-70m the seismic response, in terms of shear 
strain-stress relationship, is nonlinear. 

NOFAULT 

G 3.00E+05 

$ 2.00E+05 

- l.OOE+05 
I 
2 O.OOE+OO 

k -1.OOE+05 

g -2.OOE+05 

-3.OOE+05 
-1SOE-03 -1.OOEO3 -5.OOE04 O.OOE+OO 5.OOE-04 l.OOE.03 lSOE43 

SHEARSTRAIN 

Fig. IO. The seismic response in terms of shear strain-stress 
relationship at-70m at a spot situated at 20m rightfrom 
the fault (x=I 90m). 

From Fig. 4 one can observe that the maximum value of shear 
strain at 20m left hand side from the fault at -50 and -7Om 
respectively, is around IE-03%. As it can be seen in Fig. 11 the 
behavior of the soil is nonlinear for the spot situated at -5Om at 
20m left hand side from the fault. A very small nonlinearity can 
be observed at -7Om, at 20m left hand side from the fault (Fig. 
12). 

NO FAULT 

,q 1.50E+O5 

z‘ 5.00E+O4 

ig' ; 

-5.OEO3 dOE43 -3.OEI3 -2.OE03 -1.OE03 O.OE+OO I.OE.03 2.OE03 

SHEAR STRAIN (%) 

Fig. 11. The seismic response in terms of shear strain-stress 
relationship at-50m at a spot situated at 20m leftfrom 
the fault (x= I5Om). 

m A.OOE+OS 
8.OE-03 -5.OE-03 4.OE.03 -3.OE03 -2.OE43 -1.OE-03 O.OE+OO l.OE03 

NO FAULT 

SHEARSTRAIN 

Fig. 12. T&e seismic response in terms of shear strain-stress 
relationship at -70m at a spot situated at 20m leftfrom 
the fault (x=15Om). 

The maximum value of shear strain at 2m left hand side from the 
fault at -50 and -7Om respectively, is around lE-03% (Fig. 5). 
The behavior of the soil is nonlinear at -5Om at 2m left hand 
side from the fault (Fig. 13). A very small nonlinearity can be 
noticed at -7Om, at 20m left hand side from the fault (Fig. 14). 
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Fig. 13. The seismic response in terms of shear strain-stress 
relationship at the surface (-5Om) at a spot situated at 
2m lefi from the fault (x=1 68m). 
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Fig. 14. The seismic response in terms of shear strain-stress 
relationship at -7Om at a spot situated at 2m left from 
the fault (x=I68m). 

In Fig. 6, the maximum value of shear strain at 2m right hand 
side from the fault at the surface (-50m) and -7Om respectively, 
is around lE-02% and lE-03% respectively. The behavior of the 
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soil is highly nonlinear at the surface (-50m) at 2m right hand 
side from the fault (Fig. 15). Further research is needed to 
clarify the behavior in this region. A nonlinear behavior of the 
soil can be observed at -7Om, at 2m right hand side from the 
fault (Fig. 16). 
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O.OOE+W l.OOE-02 2.OOEO2 3.WE-02 4.00E92 5.00EQ2 6.00E02 

SHEAR STRAIN (Ye) 

Fig. 1.5. The seismic response in terms of shear strain-stress 
relationship at the surface (-5Om) at a spot situated at 
2m right from the fault (x=1 72m). 
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Fig. 16. The seismic response in terms of shear strain-stress 
relationship at -70m at a spot situated at 2m rightfrom 
the fault (x=1 72m). 

CONCLUSIONS 

The follows conclusions can be taken from this preliminary 
study: a) Around the fault and near the surface, the seismic 
response of the soil in term of maximum values of shear strain 
has higher values (between lE-03% and lE-02%) than in the 
other parts of the cross-section; b) The existence of the fault has 
some influence to the seismic behavior of the soils at least in the 
spots were the study has been done; c) Further studies have to be 
done, especially near the fault for a much better understanding of 
the behavior of the soil in this region of the valley. 
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