
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Nonlinear site response of deep stiff granular soil deposits in the Caracas Basin
Réponse non-linéaire des sédiments granulaires rigides présents en profondeur dans le Bassin de 

Caracas

J.M.Pestana — University of California, Berkeley; Geotechnical Consultant, Caracas, Venezuela 
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ABSTRACT: Site response analyses o f relatively deep deposits o f stiff granular material have suggested the possibility o f significant 
ground amplification. Since most site response analyses seldom use depths exceeding S0-100m, these problems have not received sig
nificant attention. In this study, an enhanced hysteretic model for cohesionless soils was used to describe the effect o f  confining stress 
on measured soil nonlinearity and implemented in a nonlinear computer code for site response analyses. For moderate to significant 
shaking, preliminary analyses suggest that the equivalent linear procedure significantly underestimates spectral accelerations for deep 
soil profiies when compared with the nonlinear analyses using the new hysteretic model.

RÉSUME: L ’analyse de la réponse de sites formés de sédiments granulaires et rigides présents à une profondeur relativement grande 
a suggéré la possibilité d ’une amplification due au sol. Etant donné que la plupart des réponses de sites sont analysées sur des profon
deurs excédant rarement 50 à 100 m, ces problèmes n ’ont jam ais reçu de réelle attention. Dans cette étude, on a utilisé un modèle à 
hystérésis pour des sols non cohérents afin de décrire les effets de la contrainte de confinement sur la non-linéarité du sol mesurée, et 
on a mis en œuvre ce modèle dans un code de calculs non-linéaires destinés à l’analyse de la réponse de sites. Pour des secousses al
lant de modérées à importantes, les analyses préliminaires suggèrent que la méthode linéaire équivalente sous-estime de manière sig
nificative les accélérations spectrales pour des sols en profondeur lorsqu’on compare ses résultats à ceux des analyses non-linéaires 
utilisant le modèle à hystérésis.

1 INTRODUCTION

The effect o f "local soil conditions" on seismic structural re
sponse is a well-known and accepted phenomenon in geotechni
cal earthquake engineering. Although the effect o f soil thickness 
on seismic site response o f soft soil profiles has been extensively 
documented and analyzed, only recently has there been signifi
cant interest in the response o f deep stiff soil deposits (e.g., 
Chang et al., 1997). The 1967 Caracas earthquake, with a mag
nitude o f 6.4, originally focused attention on this effect for deep 
deposits o f stiff granular soils. The city o f Caracas is located in 
an alluvium filled valley consisting primarily o f sand and gravel 
which in the Palos Grandes area is up to 230m deep. The epi
center for this earthquake was 56.3 km (35 miles) from Caracas, 
and although the peak acceleration in the rock was estimated to 
be only on the order o f 0.03g, significant ground amplification 
was observed which caused large structural damage to buildings

10 stories and greater in the Palos Grandes area as shown in Fig
ure 1 (Seed et al., 1972).

Most site response analyses seldom include depths exceeding 
50-100 m, with the notable exception o f analyses for offshore 
soil profiles (e.g., Biscontin et al., 2001). For instance, the 1997 
Uniform Building Code only considers the top 30 m (-100  ft) o f 
the soil profile when developing characteristics for the soil pro
file following the recommendations by Borcherdt (1994). This 
work briefly describes the key elements o f  an enhanced hys
teretic constitutive law used to describe the effect o f confining 
pressure on the shear modulus degradation and hysteretic damp
ing, while at the same time achieving a robust and computation
ally efficient model formulation. A series o f numerical simula
tions have been performed using a newly developed hysteretic 
model which is implemented in the finite element computer code 
AMPLE2000 (Pestana and Nadim, 2000) and the results are 
compared with the widely used computer code SHAKE (Schna
bel et al. 1972), which uses the equivalent linear procedure.
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Figure 1: Thickness of soil deposits and locations of structurally damaged buildings with more than 14 stories in Caracas (after Seed et al, 1972)
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2 PROPOSED MODEL FORMULATION

An enhanced hysteretic model was used to evaluate the dynamic 
site response o f granular soil deposits. The model is based on the 
perfectly hysteretic component o f a generalized model for clays 
and sands (Pestana, 1994), but includes several refinements to 
better describe the shear modulus degradation and damping ra
tios for soils (Lok, 1999, Lok and Pestana, 2000). The key ele
ments o f this model are its ability to: a) accurately describe the 
soil nonlinearity and damping over a large range o f strains, b) the 
ability to independently match the modulus degradation and 
damping curves, and c) correctly track stress reversals under a 
general loading condition. The model uses a total o f five pa
rameters, three to describe the hysteretic behavior and two to 
determine the maximum shear modulus, Gmax, o f the material at 
small strains.

2.1 SMALL STRAIN SHEAR MODULUS, GMAX

The formulation for the small strain shear modulus is based on 
the concept o f  generalized stiffness with separable functions for 
the volumetric state (i.e., void ratio, e) and confining pressure, p, 
as proposed by Pestana (1994). The following expression for 
Gm„  is used:

G m» l p . , = G t { p / p J / e u  W

where Gb is a material parameter, b is a constant exponent de
scribing the variation o f Gm„  with confining pressure and pu is 
the atmospheric pressure. For sands, an average exponent o f 0.5 
has been reported by many researchers and common values 
range between 0.40 to 0.60. The description o f  the effect o f  den
sity on Gm„  follows extensive work done by many researchers 
(e.g., Jamiolkowski et al., 1994) and a summary is available in 
the literature (Salvati and Pestana, 2001).

2.2 SMALL STRAIN SOIL NONLINEARITY & DAMPING

An enhanced hysteretic model is used to describe the small strain 
nonlinearity for sands. The tangent stiffness is related to the most 
recent stress reversal state as originally proposed by Hueckel and 
Nova (1979). The stress reversal point is determined by the di
rection o f strain rates, since soil nonlinearity is most appropri
ately described by its past strain history. (Hight et al., 1983). The 
model assumes that the tangential shear stiffness, G, is given by:

1 1 1
—  ------- + ------  (2 )
G  G h G p

where Gh is the stiffness at small strains, and G p is the stiffness 
at larger strains, given by:

(3a)

G p = G h / {C0 i t ? )  (3b)

£ ,  describes a dimensionless measure in stress space, r| (=s/p, 
where s is the deviatoric stress tensor and p is the mean effective 
stress) is the shear stress ratio tensor, and r |rev is the shear stress 
ratio at the stress reversal point. The parameter, coh describes 
the small strain nonlinearity, while parameter c controls the shear 
modulus immediately after each load reversal. As CO] increases, 
the secant shear modulus decreases and the damping level in
creases for all strain levels. As c increases, the stiffness reached 
at each load reversal decreases and the secant shear modulus and 
the damping level also decrease for all strain levels. The pa
rameter co2 has a similar effect on the shear modulus reduction 
and damping curves to parameter a>] but it only takes effect at

r , where <̂s =

Shear Strain, y (%)

Figure 2: Comparisons o f  measured and predicted shear modulus and 
damping ratios (after Salvati & Pestana, 2001)

Table I . Model Parameters for Toyoura sand

Variable Gb Cl), CÙ2 c

Value 700 1.3 0.5 0 .1

strains larger than 0.01%. By calibrating parameters co i co2, and 
c, the modulus and reduction curves can be matched nearly inde
pendently and have been selected using numerical optimization 
subroutines to match observed response for sands (e.g., Seed et 
al., 1984).

A single set o f  parameters can be selected to simulate the be
havior o f  a given sand over a wide range o f confining pressures 
and is described in detail by Salvati and Pestana (2001). The 
model was calibrated for Toyoura sand, a sand extensively used 
in the Japanese literature. Using the parameters listed in Table 1, 
the proposed model is able to predict modulus degradation and 
damping curves which are in excellent agreement with modulus 
degradation reported by Iwasaki et al. (1978) for confining pres
sures ranging from 0.25 to 2.0 kg/cm2 (approximately 25 kPa to 
200 kPa) and the damping curves described by Seed and Idriss 
(1970) as shown in Figure 2. More recently, Laird and Stokoe 
(1993) have documented similar results for both shear modulus 
degradation and damping characteristics for confining stress lev
els up to 30 MPa.

3 SITE RESPONSE ANALYSIS

Using the area o f Los Palos Grandes in the Caracas Valley as a 
model, the idealized soil profile consists o f a uniform, medium- 
dense sand (i.e., e = 0.7) with a representative average thickness 
o f  approximately 180 m (~ 600 ft). The water table is located at 
a depth o f 20 m (Seed et al., 1972). The rock outcrop motion re
corded at Rincon Hill during the Loma Prieta Earthquake (1989),
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with magnitude Mw = 6.9 (79.7 km to the closest fault rupture,
PGA = 0.092g) was used to model the site response analyses.
Note that the single set o f parameters listed for Toyoura sand 
was used to predict modulus reduction and damping curves for 
all the confining pressures in this deep soil deposit. In contrast, 
SHAKE is unable to incorporate this effect without using a dif
ferent set o f curves for each confining pressure. One o f the 
shortcomings o f  the current nonlinear hysteretic formulation is 
that it is unable to describe the small damping (typically -0 .5 - 
1.0%) which is seen at very small strains (y -1 0  %). The pro
gram AMPLE2000 uses a Rayleigh damping formulation to de
scribe this small amount o f viscous damping (Pestana and 
Nadim, 2000).

Figure 3 shows the acceleration response spectra at the sur
face o f the 180 m soil profile resulting from the specified ground 
excitation (as a rock outcrop motion) scaled to 0.05g, 0.1 Og and 
0.30g, respectively. Both the equivalent linear and fully nonlin
ear analyses give qualitatively similar frequency content with w  
peaks at approximately 0.65, 0.90 and 1.5 seconds with a small e  
amount o f peak ground acceleration amplification, but signifi- -2  

cant spectral amplification in the range of 0.5 to 2 seconds. 2  
When the input motion was scaled to 0.05g, AMPLE2000 pre- 
diets higher or equal spectral amplification at the surface than y  
SHAKE at all periods less than 2 seconds. It is widely known <  
that SHAKE typically underpredicts the spectral acceleration for 
periods less than 0 .2 -0 .3 seconds. -g

$
p

For the cases o f  maximum ground acceleration o f 0.1 Og and u 'i 
0.30g, SHAKE predicts lower spectral accelerations than AM- 
PLE2000 at the surface at periods less than 2-3 seconds. For a 
large earthquake with a™* = 0.30g, SHAKE does not predict any 
significant amplification o f the input bedrock motion for periods 
less than approximately 1 second. In contrast, AMPLE2000 pre
dicts significant amplification o f the spectral acceleration for all 
frequencies at both O.lg and 0.3g input PGAs. Nevertheless, 
both methods provide qualitatively similar spectra with peaks at s£> 
approximately the same periods (namely 0.65, 0.90 and 1.50 c  
seconds). The main difference between the two frameworks, .2  
from the point o f  view o f  describing the material, is primarily g  
due to the effect o f  confining pressure on small strain nonlinear- 
ity and damping characteristics. The enhanced model predicts y  
smaller amount o f shear modulus degradation and damping ra- <  
tios for the same level o f strains as the confining stress increases, "¿5 

whereas SHAKE constrains the shear modulus degradation to es- -fa 
sentially three levels: < 0.5 pu, 0.5-2 p„ and 2 pu and above.

t/D
Figure 4 shows the spectral amplification factor at the surface 

defined as the ratio o f the spectral accelerations at the surface 
and for the bedrock. These amplification factors are shown for 
both the equivalent linear analyses (SHAKE) and the fully non
linear analysis with the proposed hysteretic model. One o f the 
largest discrepancies between the two analyses is the period at 
which the maximum spectral amplification factor occurs. The re
sults from AMPLE2000 show that the maximum amplification ^  
occurs at a period o f 1 to 2.5 seconds and varies only slightly ^  
with increasing PGA. In SHAKE, however, the maximum ampli- 2  

fication occurs at a period o f 2.5 to 4 seconds with the period in- ta 
creasing significantly with increasing PGA. For the equivalent ju  
linear procedure (e.g., SHAKE) the modulus is continually de- 
graded based on a percentage (typically 65%) o f the maximum ^  
strain in the soil layer and the corresponding value o f strain- _  
compatible stiffness is used throughout all the analyses. In con- £  
trast, in AMPLE2000 a hysteretic model is used so that the shear ^  
modulus is reevaluated at every strain reversal. Also, since AM- 
PLE2000 accounts for the effect o f confining pressure in a con
tinuous manner the sand at the base o f the layer does not experi
ence as much shear modulus degradation as it would in 
SHAKE91. The hysteretic model produces significant amplifi
cation in the range 0.1 to 0.3 seconds but this may be partially 
attributed to the limitation o f near zero damping at small strain 
levels. Note that SHAKE does not predict significant amplifica

tion factors in the range o f 1 to 2 seconds in this case. This is not 
substantiated with actual observations during the Caracas 1967 
earthquake. During this seismic event, with estimated maximum 
rock acceleration on the order o f 0.03-0.05g, significant struc
tural damage was observed for "new" buildings with predomi
nant periods between 1 and 2 seconds. The actual amplification 
factors predicted by the AMPLE2000 program may be conser
vative since the model does not account for the effect o f pore 
water pressure generation on the modulus degradation, but the 
trend is clear. SHAKE analyses, on the other hand, may be un- 
derpredicting the response between the 1 to 3 second period 
range, which is significantly unconservative for buildings be
tween 10  and 20  stories high.

Figure 3: Acceleration Response Spectra at the surface predicted by the 
equivalent linear (SHAKE) and fully nonlinear (AM PLE) analyses.

481



Figure 4. Spectral Acceleration Amplification Factor for deep stiff soil 
profile prevalent in Los Palos Grandes-Caracas.

4 CONCLUSIONS

An enhanced hysteretic model was implemented into the site 
response analysis code, AMPLE2000, and a new formulation for 
the maximum shear modulus was included. With only a few pa
rameters, the model is able to match the modulus reduction 
curves and damping curved independently, and describe the be
havior o f granular materials over a wide range o f confining pres
sures. For deep granular soil deposits and high levels o f shaking, 
the enhanced hysteretic model gives significantly higher accel
eration response spectra than the equivalent linear procedure 
(SHAKE). This may indicate a potential shortcoming in the 
analysis o f deep cohesionless soil deposits such as those present 
in the alluvial valley o f Caracas. A significant amount o f ampli
fication over the entire range o f periods relevant for the analysis 
o f structural response can be expected. These results may ex
plain, in part, the large amount o f structural distress observed in 
the Palos Grandes area during the Caracas earthquake o f 1967. 
In contrast with the equivalent linear analysis, the proposed

model shows only a small reduction o f  the maximum amplifica
tion factor with increasing PGA and a minimal increase in the 
period at which maximum amplification with occur. For a period 
o f approximately 1.5 seconds, the nonlinear analyses predict am
plification factors on the order o f 4.5 to 5.5 versus 1.25 to 2 pre
dicted by the equivalent linear analyses. This may have a tre
mendous impact on the expected performance o f 10 -20  stories 
high buildings in a large earthquake such as the one that devas
tated Caracas in 1812.
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