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ABSTRACT  Current state of practice to assess ground response under seismic loading is mostly based on well-known and widely-used to-
tal stress-based equivalent linear assessment methodology, as part of which, mostly, strain compatible shear modulus and damping rela-
tionships need to be used. As implied by its name, "total stress", accumulation of excess pore water pressure which is a significant compo-
nent of cyclic response, is not considered. Neglection of this component will produce unconservatively biased deformation and intensity
estimations for soil sites at which cyclic-induced strains exceed small to medium strain range. Inspired from this gap, aim of this study is
defined as development of probabilistic-based models for assessment of large strain modulus degradation response of fully saturated clean
sands. For this purpose, an intensive literature survey was performed, and available resonant column, simple shear and cyclic triaxial test
results were compiled. This data was assessed by probabilistic methods to develop a framework which takes into account not only the cy-
clic shear strain amplitudes but also the generation of excess pore water pressure. 

 

1 INTRODUCTION 

Current state of practice to assess ground response 
under seismic loading is mostly based on well-known 
and widely-used total stress-based equivalent linear 
assessment methodology, as part of which, mostly, 
strain compatible shear modulus and damping rela-
tionships need to be used. Despite its common use, as 
implied by “total stress”, one of the major limitations 
of total stress-based equivalent linear analysis is that 
the accumulation of induced pore pressure, as well as 
residual soil straining are not considered. However, 
for assessing soil sites, where expected shear strain 
levels exceed the small to medium strain range of 10-

6 ≤  ≤ 10-2, the use of total stress based equivalent 
linear assessment methodology may produce 
unconservatively biased deformation and intensity 
estimations. More specifically, within the confines of 
this manuscript, it is intended to present probability-
based strain and induced pore pressure compatible 
shear modulus degradation relationships, use of 

which enable effective stress-based seismic ground 
response assessment of soil sites composed of fully 
saturated or dry soil layers subjected to relatively 
larger cyclic shear strain levels. 

In the literature, there exist a number of studies 
aiming to identify important factors affecting highly 
nonlinear modulus degradation responses of sandy 
soils. Although the pioneering studies were per-
formed in mid-60’s, the findings of Hardin and 
Drnevich (1972a, 1972b) are judged to be the corner-
stone of the progress, as many successors (e.g. Seed 
and Idriss 1970, Seed et al. 1984, Darendeli 2001, 
etc.) benefited from and build up on their proposed 
approach. Commonly adopted research methodology 
involves performing laboratory tests, in the form of 
resonant column, cyclic triaxial, simple shear or tor-
sional shear, on the basis of which, an analytical 
framework is then founded. Thus, a similar, laborato-
ry based testing approach is adopted for this study. 
For this purpose, an intensive literature survey was 
performed, and available resonant column, simple 



shear and cyclic triaxial test results were compiled. 
Additionally, on Kizilirmak and Monterey sands, cy-
clic simple shear and triaxial tests were performed. 
As opposed to conventionally preferred drained cy-
clic testing approach, an undrained testing procedure 
is adopted on saturated sand samples, during which, 
straining induced cyclic pore pressure response is al-
so monitored.  This choice is one of the distinguish-
ing features of this study, and enables to assess mod-
ulus degradation response as functions of not only 
cyclic shear strain amplitudes but also induced pore 
pressure. 

 
2 DATABASE COMPILATION EFFORTS 

Efforts aiming to develop a semi-empirical or empir-
ical model or validate and calibrate existing models 
naturally require the compilation of a high quality da-
tabase. For this purpose, existing literature was care-
fully studied. Due to lack of complete documentation 
of both pore pressure and shear strain responses at 
every cycle of loading, among all, only  Wu et al. 
(2003) and Bilge (2005) databases were possible to 
be used. These two studies were mostly focused on 
large strain response of clean saturated sands, and 
hence small strain response is judged to be under-
sampled or under-represented. To eliminate this dis-
crepancy, well-documented resonant column test data 
of VELACS project (Arulmoli et al. 1992) was in-
corporated into the database. For simple shear (from 
Wu et al. 2003 database) and cyclic triaxial (from 
Bilge 2005 database), shear moduli values (G) were 
calculated according to the relation between applied 
cyclic stresses and resulting strains; whereas, report-
ed G were directly used for resonant column tests. 
The resulting database is presented in Figure 1 as a 
function of maximum shear strain amplitude. 

 
3 DEVELOPMENT OF PROBABILISTIC-

BASED SEMI-EMPIRICAL MODELS 

The first step in developing a probabilistic model is 
to select a limit state expression that captures the es-
sential parameters of the problem. The model for the 
limit state function has the general form g = g (x, Θ) 
where x is a set of descriptive parameters and Θ is 
the set of unknown model coefficients. Inspired by 
earlier studies and as well as the trends from test re-

sults, the key components determining the shear 
modulus are selected as maximum single amplitude 
cyclic shear strain (max) and excess pore water pres-
sure ratio (ru,). After having tried a number of alter-
native functional forms, the following equations are 
adopted as the limit state function for assessing max 
and  ru, compatible G (i.e.: G,ru) values ; 
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Figure 1. Summary of G vs  database. 

 
As part of maximum likelihood methodology, the co-
efficients which are estimated to maximize the likeli-
hood functions are presented in Table 1. Note that 
details of the applied maximum likelihood methodol-
ogy has been discussed elsewhere (e.g. Cetin et al. 
2009) and will not repeated herein. 
 
Table 1. Model coefficients. 

Coefficient Value 

1 528.64 
2 11910.89 
3 37.1 
4 1.06 
5 0.05 
6 0.01 
 1.55 

 
Predicted and measured modulus degradation values 
are paired and shown in Figure 2 along with the 1:2 



and 1:0.5 boundaries. Pearson’s product (R2), which 
is a measure of the correlation between compared 
values, is also calculated as 0.975. 80 % of the data 
pairs fall within the bounds of 1:2 and 1:0.5 and 
mostly accumulated along 1:1 line, suggesting unbi-
ased and accurate model predictions. 
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Figure 2. Comparison between measured and predicted modulus 
degradation values. 

 
The next step, involves the development of modulus 
degradation relationship, which can be further used 
in effective stress-based dynamic site response analy-
sis. Consistent with conventional assumptions, which 
defines Gmax at 10-4 % shear strain level, G/Gmax is 
then defined as a function of both N and ru,N as fol-
lows; 
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Unlike available modulus degradation relationships 
in the literature, note that Equation. 2 is given as a 
function of ru,N in addition to N and 'm0 (or 'v0). 
Practical use of Equation 2 requires the estimation of 
strain (and also drainage) compatible cyclic pore 
press estimations, and user is allowed to use one of 
the existing models for the cyclically-induced excess 

pore water pressure assessments (Seed et al. 1975; 
Dobry et al. 1985; Green et al. 2000; Cetin and Bilge 
2012). 

As to further address the importance of drainage 
conditions (or state of soil in the form of fully satu-
rated or dry),  Equation 2 is solved twice for the me-
dian values of DR≈ 62 % and 'm0 ≈ 90 kPa of the 
compiled database, one for a dry specimen (i.e.: no 
cyclic excess pore pressure generation is permitted, 
drained loading) and another one for a fully saturated 
specimen (i.e.: strain compatible cyclic excess pore 
pressure generation is assessed by the cyclic-induced 
ru model proposed by Cetin and Bilge 2012 (Equation 
3), i.e. undrained loading). Taking the ratio of G/Gmax 
values corresponding to these drained and undrained 
loading conditions, the individual effect of pore wa-
ter pressure generation on modulus degradation is 
schematically presented in Figure 3. 
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Figure 3. Effect of undrained loading conditions on G/Gmax re-
sponse as a function of . 

 
With increasing shear strain levels, the effects of ex-
cess pore pressure accumulation starts to increase, 
and especially if  levels exceed 1 %, corresponding 
degraded shear moduli of dry and fully saturated 
sands start to be significantly different, the extent of 
which may reach up to 2 to 5 times. Hence, for rigor-
ous seismic site response assessments, fundamentally 
different modulus degradation behaviors of dry and 
fully saturated sand layers need to be properly ad-
dressed. 



4 CONCLUSIONS 

Within the confines of this study, the large strain 
modulus degradation response of fully saturated 
clean sands was assessed probabilistically, by cyclic 
triaxial, simple shear and resonant column test data. 
The maximum likelihood methodology was used to 
develop limit-state models incorporating the im-
portant descriptive variables for the modulus degra-
dation problem.  

Predicted and measured modulus degradation val-
ues are paired and shown in 2 along with the 1:2 and 
1:0.5 boundaries. Pearson’s product (R2), which is a 
measure of the correlation between compared values, 
is also calculated as 0.975. 80 % of the data pairs fall 
within the bounds of 1:2 and 1:0.5 and mostly accu-
mulated along 1:1 line, suggesting unbiased and ac-
curate model predictions. 

For rigorous seismic site response assessments, 
which involve larger strain levels, fundamentally dif-
ferent modulus degradation behaviors of dry and ful-
ly saturated sand layers need to be properly ad-
dressed. Proposed modulus degradation curves are 
believed to be a step forward to provide a robust ba-
sis to assess these differences. 

REFERENCES 

Arulmoli, K., Muraleetharan K. K., Hosain M. M. & Fruth L. S. 
1992. VELACS laboratory testing program, soil data report. Re-
port, The Earth Technology Corporation, Irvine, California, Report 
to the National Science Foundation, Washington D.C., March. 
Bilge, H. T. 2005. Volumetric and deviatoric strain behavior of 
cohesionless soils under cyclic loading. M. Sc. Thesis, Middle East 
Technical University. 
Cetin, K. O., Bilge, H. T., Wu, J., Kammerer, A. M., and Seed, R. 
B. 2009. “Probabilistic models for cyclic straining of saturated 
clean sands.” J. Geotech. Geoenviron. Eng., 135(3), 371-386. 
Cetin, K. O. & Bilge, H. T. 2012. Cyclic large strain and induced 
pore pressure models for saturated clean sands. ASCE J. of Ge-
otechnical and Geoenvir. Eng. 138(3), 309–323. 
Darendeli, M. B. 2001. Development of a new family of normal-
ized modulus reduction and material damping curves. PhD disser-
tation, Univ. of Texas, Austin, Texas.  
Dobry, R., Pierce, W. G., Dyvik, R., Thomas, G. E., and Ladd, R. 
S. 1985. Pore pressure model for cyclic straining of sand. Research 
Report 1985-06, Rensselaer Polytechnic Institute, Troy, New 
York. 
Green, R. A., Mitchell J. K. & Polito C. P. 2000. An energy-based 
excess pore water pressure generation model for cohesionless 
soils. Proc., John Booker Memorial Symp.- Developments in Theo-

retical Geomechanics, D. W. Smith and J. P. Carter, eds., 
Balkema, Rotterdam, Netherlands, 383-390.  
Hardin, B.O. & Drnevich, V. P. 1972a. Shear modulus and damp-
ing in soils: measurement and parameters effects, J. of the Soil 
Mech. Found. Div., 98(7), 603-624. 
Hardin, B.O.  & Drnevich, V. P. 1972b Shear modulus and damp-
ing in soils: design equations and curves. J. of the Soil Mech. 
Found. Div., 98(7), 667-692. 
Seed, H. B. & Idriss, I. M. 1970. “Soil moduli and damping factors 
for dynamic response analysis.” Report No EERC 70-10, Earth-
quake Engineering Research Center, University of California, 
Berkeley. 
Seed, H. B., Martin P.P. & Lysmer J. 1975. “The generation and 
dissipation of pore water pressures during soil liquefaction.” Re-
port No EERC 75-26, Earthquake Research Center, Univ. of Cali-
fornia, Berkeley.  
Seed, H. B., Wong, R. T., Idriss, I. M. & Tokimatsu, K. 1984. 
“Moduli and damping factors for dynamic analysis of cohesionless 
soils.” Report No EERC 84-14, Earthquake Engineering Research 
Center, University of California, Berkeley. 
Wu, J., Seed R. B. & Pestana, J. M. 2003. “Liquefaction triggering 
and post liquefaction deformations of Monterey 0/30 sand under 
uni-directional cyclic simple shear loading” Geotechnical Engi-
neering Research Report No. UCB/GE-2003/01, University of Cal-
ifornia, Berkeley, California. 
 
 


