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Importance of confining pressure on nonlinear soil behavior and its impact on 
earthquake response predictions of deep sites

L’importance de la pression de confinement sur le comportement non linéaire du sol et l’impact dans 
les predicitions de la réponse sismique de deposits profonds

M.B.Darendeli, K.H.Stokoe, Il & E.M.Rathje- University of Texas at Austin, Civil Engineering Department, Austin, TX, USA 
C.J.Roblee -  Caltrans, Office of Infrastructure Research, Sacramento, CA, USA

ABSTRACT: A s part o f  the  R O SR IN E (R esolution  o f  S ite R esponse Issues from  the  N orth ridge E arthquake) project, num erous strong 
motion stations that w ere subjected  to the  1994 N orth ridge earthquake (M w=6.7) w ere drilled  and sam pled. Intact sam ples recovered  from  
these sites ov er a depth range o f  several hundred m eters w ere tested in the laboratory  to characterize the  linear and n on linear dynam ic 
properties o f  the  soils. T est results clearly  show  that isotropic confining pressure, w hich  is directly related  to sam ple depth, has an im portant 
effect on these properties. O ne-dim ensional site response analyses w ere perform ed to evaluate the effect o f  including confin ing-pressure 
dependency in the  non linear soil m odel. Inclusion o f  this dependency results in h igher intensity  ground  m otions calculated  at th e  g round  
surface.

RESUME: C om m ent part du RO SR IN E (R esolution  o f  S ite R esponse Issues from  N orth ridge  E arthquake) p ro ject, un g rand  nom bre de 
stations de fo rage et échan tillonnage du soil ont m onté sur les lieus qui ont exposé en le trem blem ent de  N orth ridge  en 1994 (M „= 6.7). 
Échantillons du soil ont obtenu en cetes lieus ju sq u ’à deux cents m étrés de p rofondeur. Les échantillons on t essayé en labora to ire  par 
connaître ses p rop rié tés dynam iques linéaire et non linéaire. Les résultats de l ’essais fait preuue de que la pression  de confinem ent est très 
importante su r les p ropriétés dynam iques du soil. A ussi, analyses sism iques ont execu té par évaluer l ’effet de  la pression du confinem ent 

dans un non linéaire  m odel. L ’addition de  cet effet a exposé p lus grandes m ouvenents en la surface de terre.

1 IN TR O D U C TIO N

In geotechnical earthquake engineering , dynam ic soil properties are 
typically expressed  as shear m odulus, G , and m aterial dam ping 
ratio in shear, D. O ver the past three decades, num erous studies o f  
these properties and the param eters affecting  them  have been 
conducted. V arious investigators have synthesized  this w ork and 

proposed non linear generic  curves for use in earthquake analyses 
(e.g., Seed et a l.,1986  for sands and V ucetic and D obry, 1991 for 

soils with p lasticity). In these curves, the relationship  betw een shear 
modulus, G , and shearing  strain , y, is typically  presented  as a 
normalized m odulus reduction  curve, G /G ma,  - log y, w here G m„  is 
the sm all-strain  shear m odulus. O ne such curve is show n by the 

solid line in F igure la . N onlinear m aterial dam ping ratio  is alw ays 
presented in the  form  o f  D - log y as show n by the so lid  line in 
Figure lb .

O ne im portant poin t regard ing  the prev ious studies is that m ost 
soils w ere tested  at effective confining pressures less than about 
four atm ospheres. Furtherm ore, m ost o f  the  generic curves w ere de
rived from  dynam ic m easurem ents at effective confin ing  pressures 
around one a tm osphere  (e.g ., Seed et al., 1986 and V ucetic and D o
bry, 1991). O nly a few  investigations have considered the effect o f  

confining pressu re  on dynam ic soil properties (e.g ., K okusho, 1980, 
and Ishibashi and Zhang, 1993). T he general trends from  these 

studies show  that the  G /G max - log y and D - log y relationships be
come increasingly  linear as confin ing  pressure increases. H ow ever, 

most studies w ere restricted  to pressures less than 10 atm ospheres.
In the I9 9 0 ’s, several studies w ere undertaken to evaluate  the 

effect o f  confin ing  pressure on nonlinear soil properties (e.g., EPR1, 
1993). T he m ost recent study, called the ROSRTNE (R esolution o f  
Site R esponse Issues from  the N orth ridge E arthquake) project, in
volved investigating  deep soil sites shaken by the 1994 N orthridge 
earthquake (M w=6.7). T h is w ork necessitated m odeling  soil be
havior at high confin ing  pressures representing  significant depths 
(100 to 300 m). T he results from  a portion  o f  the  laboratory w ork 
involving intact silty  sands and confining pressures up to 30 atm os
pheres are p resen ted  below . T h e  im pact on p redicted  ground  re
sponse o f  including pressure-dependent non linear soil properties is 
then illustrated.

2 E FFE C T  O F C O N FIN IN G  PR E SSU R E  ON N O N L IN EA R

SO IL  B E H A V IO R

In the  R O SR IN E  project, num erous intact soil sam ples w ere re
covered  over a depth range o f  3 to 300 m. Som e o f  these sam ples 

w ere tested in the laboratory at the U niversity  o f  T exas at A ustin  
using com bined resonant colum n and torsional shear (R C T S) 
equipm ent. L inear and nonlinear dynam ic properties w ere evaluated  
at isotropic confin ing  pressures ranging from  0.25 to 30 atm os

pheres. T he results o f  these tests w ere analyzed in an effo rt to char
acterize the im pact o f  soil type, confin ing  pressure, num ber o f  
loading cycles and loading frequency on dynam ic soil behavior.

A total o f  13, nonplastic silty  sand specim ens was tested. T he 

linear and nonlinear dynam ic properties w ere analyzed, and fam i

lies o f  G /G m„  - log y and D - log y relationsh ips w ere  developed 

w hich reflec ted  the  effect o f  iso trop ic confin ing  pressure, a 0 ' ,  on 

these relationships. T he G/ Gm„  -  log y relationsh ip  for the  silty  

sand is illustrated  by the fam ily o f  dashed lines in F igure la . S im i

larly, the  effect o f  a 0 ' on the D -  log y relationsh ips is illustrated  

by the fam ily o f  dashed lines in F igure lb . C learly , th e  norm alized  

m odulus reduction  and m aterial dam ping  curves o f  n onp lastic  silty 

sands are affected  by confining pressure. Both relationsh ips shift to 

h igher strain  levels w ith increasing confin ing  p ressure (S tokoe et 

al., 1999, and D arendeli, 2001). T he shift in the relationsh ips re

sults in increasingly  linear soil response as confin ing  pressu re  in

creases; hence, soil linearity increases as depth increases.
It is in teresting  to see that the  confin ing-pressure-dependent 

G /G mu - log y and D - log y curves fo r silty  sands at one  a tm o s

phere agree qu ite  well w ith the average generic curves fo r sands 
proposed by Seed et al. (1986). T his observation  supports the  po in t 
stated earlier that m ost generic curves w ere  derived  from  dynam ic 
m easurem ents at an effective confin ing  pressure a round  one atm os
phere.

It is im portant to realize that the confin ing-pressure effect also 
im pacts the  G - log y relationships. T his im pact occurs from  th e  fact 
that both the average generic sand curve  and  the  fam ily o f  pressure- 
dependent norm alized  curves presented  in Figure la  w ould  be 
scaled to field conditions using in-situ  shear w ave velocities; hence,
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Figure 1. Effect of confining pressure on dynamic soil properties and 
reduction curve, and (b) nonlinear material damping curve.

using fie ld  G mu values. As a result, the pressure-dependent G - log 

y curves tend to deviate from  the pressure-independent generic 

curves at h igher stra in am plitudes at a g iven  co n fin in g  pressure. 

The exception occurs at a co n fin in g  pressure o f  approx im ate ly  one 

atmosphere when both sets o f  curves are nearly the same. There

fore, the stiffness o f  deep so il layers at la rger strains w i l l  be under

estimated w ith  average generic curves. Because the dam ping curves 

presented in F igure lb  are d ire c tly  used in  site response analysis 

w ithou t any scaling, dam ping characteristics o f  the same so il layer 

w i l l  be overestim ated w ith  average generic curves. D epending on 

the characteristics o f  the problem  at hand, th is w i l l  l ik e ly  lead to 

deep s o il p ro file s  as d iscussed be low .

3 IM P A C T  O N  S IT E  R E S P O N S E  A N A L Y S E S

T h e  im p a c t o f  a cco un ting  fo r  c o n fin in g  pressure w hen as

s ig n in g  n o n lin e a r s o il p rope rties  in  s ite  response analyses o f  deep 

(> 5 0  m ) s o il sites is d iscussed b e lo w . T h is  p o in t is addressed be

cause s ite  response analyses are o ften  pe rfo rm ed  us ing  average, 

p ressure -independen t generic  curves. T o  illu s tra te  the  im pact, a 

120-m  th ic k  s i l ty  sand (S M ) depos it was ana lyzed us ing  the 

sharew are ve rs ion  o f  P roS hake (E du P ro , 1998). A  c o n fin in g - 

pressure -dependent shear w ave  v e lo c ity , V s, p ro f ile  was m ode led  

a fte r the  in  s itu  se ism ic  m easurem ents at the  s ilty  sand sites. The 

T opanga  m o tio n  (M a x im u m  H o riz o n ta l A cce le ra tio n , M H A , =

0.33  g ) recorded d u r in g  the 1994 N o rth r id g e  earthquake was used 

as the in p u t “ ro c k ”  m o tio n .

In F ig u re  2, the acce le ra tion  response spectra fro m  the tw o  

analyses are presented; 1) the analys is  us ing  average generic  

cu rves to  m o de l a ll layers, and 2) the ana lys is  us ing  the fa m ily  o f  

n o n lin e a r curves tha t account fo r  the e ffec t o f  c o n fin in g  pressure 

on d y n a m ic  be hav io r. T h e  response spectra in d ica te  tha t the con-
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Figure 2. Impact on nonlinear site response of accounting for the ef
fect of confining pressure on dynamic soil properties.

f in in g -p ressu re -de pen den t curves p roduce  an M H A  a lm ost tw ice  

as la rge  as tha t p red ic ted  b y  the generic  curves (0 .53  g  vs. 0.29 

g). A d d it io n a lly ,  la rg e r spectra l acce le ra tions ( ty p ic a lly  50%  - 

9 0 %  h ig h e r) are ca lcu la ted  at a ll pe riods  less than 1 sec fo r  the 

a na lys is  u t i l iz in g  con fin ing -p re ssu re -dep end en t curves.

T h e  change in  response characte ris tics  can be e xp la ined  by 

the  n o n lin e a r s o il p rope rties  inco rpo ra ted  in  the analyses. The 

s h if t  o f  the  m o d u lu s  re d u c tio n  cu rve  to  h ig h e r s tra in  leve ls  in 

deep layers (F ig u re  la )  resu lts in  less m o du lus  re duc tion  (F igure  

3a). T h e  s h if t  o f  the  pressure-dependent d a m p ing  curves to  h igher 

s tra ins (F ig u re  lb )  cause a s ig n if ic a n t re d u c tio n  in  da m p ing  at 

depth. These tw o  phenom ena have a coun te rac ting  e ffec t on 

shearing  s tra in  (F ig u re  3b). H ow eve r, the re d u c tio n  o f  da m p ing  at 

depth (F ig u re  3c) has a m a jo r im pa c t on peak acce le ra tion  at the 

surface  as presented in  F ig u re  3d. Because d a m p ing  s ig n ifica n tly  

a ffec ts  o n ly  the m o tio n  at frequencies g reater than the  natural 

fre que ncy  o f  the site, the M H A  and spectra l acce le rations al 

sm a lle r pe riods  are a ffec ted  the m ost.

4 P A R A M E T R IC  S T U D Y

S ilty  sand (S M ) deposits  w e re  ana lyzed to  in ve s tig a te  fu rthe r 

h o w  m o d e lin g  con fin ing -p re ssu re -dep end en t n o n lin e a r so il p rop 

erties a ffec ts  se ism ic response. T h e  depth  o f  these sites ranged 

between 15 to  240 m  and the sites w e re  sub jected  to  the Topanga 

g ro u n d  m o tio n . T o  in ves tig a te  the  e ffe c t o f  in p u t m o tio n  in te n 

s ity , the  Topanga  m o tio n  was scaled to  0.1 g, 0.33 g and 0 .6 g. 

T h e  resu lts  o f  th is  pa ram e tric  s tudy are sum m arized  be lo w .

F o r la rg e r in te n s ity  m o tio n s  and deeper s o il deposits , the 

m ore  lin e a r response m ode led  b y  con fin ing -p ressu re -dependen t 

curves resu lts in  s lig h t ly  sho rte r (a bou t 10% ) fun dam enta l pe ri

ods. H ow eve r, fo r  m ost o f  the  cases s tud ied , the fundam enta l pe

rio d s  ca lcu la ted  us ing  the  d iffe re n t n o n lin e a r curves are w ith in  

5% .

T a b le  1 presents the ra tio  o f  the  average e q u iva le n t linear 

da m p ing  ra tio  fo r  the co n fin ing -p re ssu re -dep end en t and average 

curves. A ve ra g e  e q u iva le n t lin e a r d a m p in g  ra tio  was calcula ted 

b y  ave rag ing  the d a m p ing  ra tio  in  each la ye r w e ig h te d  b y  the 

la ye r th ickness. T h e  d iffe re n ce  in  average e q u iva le n t linear 

d a m p ing  ra tio  is s ig n if ic a n t, p a rtic u la r ly  fo r  sites deeper than 30 

m . U t i l iz in g  con fin ing -p re ssu re -dep end en t curves reduces the av

erage e q u iva len t lin e a r d a m p ing  ra tio  as m uch as 6 0 %  re la tive  to 

values estim ated us ing  average generic  curves. C onsequently, 

la rger g ro u n d  m o tio n s  are susta ined in  analyses u t i l iz in g  con fin - 

ing-pressure -dependent n o n lin e a r so il p roperties .

T h e  ra tio  o f  p red ic ted  M H A  va lues are presented in  T a b le  2. 

M H A  values p red ic ted  us ing  con fin ing -p ressu re -dependen t 

curves are h igh e r, w ith  the largest d iffe re n ce  o c c u rr in g  at h igher 

in te n s ity  in p u t m o tio n s  and deeper sites (> 3 0 m ). A t  a pe riod  o f
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Figure 3. Comparison o f (a) peak shearing strain, (b) equivalent linear damping ratio, and (c) peak acceleration profiles predicted by using confining- 
pressure-dependent and generic modulus reduction and material damping curves.

0.3 sec, the con fin ing -p re ssu re -dep end en t curves a lso p re d ic t 

larger spectral acce le ra tions than the  average curves (T a b le  2). 

However, at a p e rio d  o f  1.0 sec, the  spectra l acce le ra tions are 

sim ilar (T a b le  2). These m o tio n s  are s im ila r  because at pe riods  

greater than the  na tura l p e rio d  o f  the  site, the  response o f  the  s ite  

is dom inated b y  the o ve ra ll s tiffn ess  (s ite  p e rio d ). A ls o , m a te ria l 

damping has o n ly  m in im a l im pa c t on  s ite  response in  th is  p e rio d  

range. C onsequen tly , co n fin ing -p re ssu re -dep end en t analyses tend 

to pred ict a sm a lle r response at lo n g e r pe riods  due to  m o re  lin e a r 

behavior (less m o d u lu s  re d u c tio n ) in  deep layers. T h e  trends at 

these long e r pe riods  w i l l  a lso be a ffec ted  b y  the  fre que ncy  co n 

tent o f  the  in p u t g ro u n d  m o tio n . T h e  resu lts  fro m  th is  p a ram e tric  

study in d ica te  tha t the in te n s ity  o f  g ro u n d  m o tio n s  at spectra l pe

riods less than about 1 sec can be su b s ta n tia lly  underestim ated  

when generic  no rm a lize d  m o d u lu s  re d u c tio n  and m a te ria l da m p

ing curves are used at deep s o il sites.

5 C O N C L U S IO N S

The la b o ra to ry  resu lts  presented in  th is  s tudy show  tha t con

fin ing  pressure, and the re fo re  depth , has a s ig n if ic a n t im pa c t on 

both the n o rm a lize d  m o d u lu s  re d u c tio n  and m a te ria l da m p ing  

curves fo r  s ilty  sands. A s  c o n fin in g  pressure increases, bo th  

curves s h if t  to  h ig h e r s tra in  leve ls  re su ltin g  in  m o re  lin e a r so il 

behavior.

S ite response analyses w ere  ca rried  ou t to  eva luate the im pa c t 

o f m o de ling  co n fin ing -p re ssu re -dep end en t n o n lin e a r s o il p rope r

ties on p red ic ted  g ro u n d  m o tions . T h e  analyses ind ica te  tha t u t i l 

iz ing a fa m ily  o f  co n fin ing -p re ssu re -dep end en t curves resu lts  in  

larger in te n s ity  g ro u n d  m o tio n s  than those p red ic ted  w ith  average 

generic curves, p a r t ic u la r ly  at pe riods less than about 1.0 sec. 

This resu lt is m o re  p ronounced  fo r  deeper sites sub jected to  

h igher in te n s ity  in p u t m o tio n s  due to  lo w e r d a m p ing  in troduce d  

by the co n fin ing -p re ssu re -dep end en t curves. A t  lo n g e r spectral 

periods, the response is do m ina te d  b y  the  o ve ra ll s tiffness  o f  the 

site. A s a resu lt, the con fin ing -p re ssu re -dep end en t analyses w i l l  

tend to  p re d ic t a sm a lle r response at lo n g e r pe riods  due to  the 

more lin e a r response m ode led  b y  these curves.
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Table I Comparison o f  average equivalent linear damping ratio, 

(%), predicted using confining-pressure-dependent and generic modulus 

reduction and material dam ping curves._______________________________

In p u t M H A = 0 .1 g In p u t M H A = 0 .3 g In p u t M H A = 0 .6 g

D epth C P D /A ve ra g e C P D /A ve rage C P D /A ve ra g e

15 in 0 .82 0.93 0.93

30 m 0.71 0.84 0.87

60 m 0.60 0.70 0.74

120 m 0.47 0.58 0.61

2 40  m 0.40 0.45 0.52

Table 2 Comparison o f  spectral accelerations, (g), predicted using 

confining-pressure-dependent and generic modulus reduction and mate

rial dam ping curves.

In p u t M H A = 0 .1 g In p u t M H A = 0 .3 g In p u t M H A  0.6g

C P D /A ve ra g e C P D /A ve ra g e C P D /A ve rage

Depth M H A 0.3s 1.0s M H A 0.3s 1.0s M H A 0.3s 1.0s

15 m 1.00 1.01 1.00 1.10 1.07 1.02 1.14 1.05 1.06

30 m 1.08 1.13 0.98 1.35 1.34 1.01 1.25 1.37 1.01

60  m 1.00 1.01 0.94 1.41 1.46 1.00 1.47 1.47 1.10

120 in 1.19 1.06 1.16 1.83 1.81 1.50 1.92 1.80 1.69

240  m 1.45 1.62 1.11 2.53 2.15 1.07 2.50 2.60 1.25
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