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ABSTRACT 
A new stress-strain model, which is named a double hyperbolic model (DHP model) is proposed for the seismic response 
analysis. This model is composed of two hyperbolic models; one is for small strains and the other is for large strains. 
Therefore, it uses only two independent parameters, i.e., reference strain r (shear modulus ratio = 0.5) and shear stress 
ratio k (ratio of shear strength to r). Performance of this model is compared with the frequently used two models, hyperbolic 
and Ramberg-Osgood models, by using about 500 cyclic shear test results, and it is shown the error of the DHP model is 
significantly smaller than that of these models. Relationships between the new parameter k and soil parameters such as 
plasticity index, fines contents, confining stress, and SPT-N value are examined but good correlation is not found. Then 
shear strength is examined, but this again failed. In this process, conventional method to obtain in-situ stress-strain curve 
from in-situ shear modulus and laboratory stress-strain curve is found not good; shear stress is significantly overestimated 
at large strains in many cases. The reason is proved through detailed investigation of laboratory test that effect of 
disturbance during sampling does not affects behavior at large strains although it affects laboratory shear modulus and 
behavior at small strains. 
 

 
 
1 INTRODUCTION 
 
When an engineer carries out seismic response analysis of 
grounds, cyclic shear deformation characteristics of soil 
must be modeled reasonably. They are expressed as 
shear strain dependent shear modulus G and damping 
ratio h, which are frequently called G- (or G/G0-) and h- 
relationships or a degradation curve. There are three cases 
to estimate these parameters in the engineering practice. 
The first method is to obtain them by a cyclic shear test of 
the in-situ samples. The second method is to use compiled 
test data based on past tests. The third method is to use 
empirical equations. 

Values of G and h are given as digital values with the 
corresponding shear strain  in the first two methods. This 
type of data is called the table type data in this paper. On 
the other hand, parameters such as shear strength are 
usually used to develop the stress-strain model in the third 
method, which is called parameter data in this paper. 

Next, relevant constitutive model is to be chosen from 
the obtained cyclic shear deformation characteristics for 
the computer program. If they are expressed as table type 
data, the constitutive model proposed by the authors 
(Ishihara et al, 1985 and Yoshida et al., 1990) gives perfect 
simulation. On the other hand, if they are expressed as the 
parameter data, constitutive models that are expressed by 
mathematical formulae are to be used; the hyperbolic and 
the Ramberg-Osgood models (R-O model hereafter) are 
typical formulae that are used in the engineering practice. 
These two models are called conventional models in tis 
study.. 

The authors collected about 500 cyclic shear test data 
sets to examine the performance of the conventional 
models (Yoshida & Wakamatsu, 2012 and 2013). In this 
research, we focused on the strain range from small strains 
to large strains up to 1%. It is concluded that the 
conventional models show good performance up to the 
reference strain, but not good at large strains. The 

hyperbolic model underestimates shear stress and the R-
O model overestimates them at large strains. 

The author proposed a new constitutive model 
applicable from small strains to large strains. This model is 
named the double hyperbolic model (DHP model). It is 
composed of two hyperbolic models; one is for small 
strains and the other one for large strains (Yoshida, 2015). 

This paper discusses shear strength for this model, and 
problem in the conventional method to develop G- 
relationships from laboratory test data, which is found in the 
discussion on shear strength. 
 
 
2 CYCLIC SHEAR TEST DATA SETS 
 
About 500 cyclic shear test data, which were sampled from 
95 sites in the Tokyo Metropolitan area, are used to 
examine performance of the models. They are classified 
into 26 categories based on the geologic age, depositional 
environment and soil type as shown in Table 1 (Yoshida & 
Wakamatsu, 2012). Here, 26 categories are named by the 
sequential number and soil type as shown in the geologic 
category column. Tests were mainly triaxial test and a 
resonant test. A cyclic hollow cylinder torsional test was 
also used in some tests. In many cases, the test specimen 
is isotropically consolidated by the effective overburden 
stress 'v0 (i.e., mean effective stress 'm0='v0) and cyclic 
shear stress is applied by a so called stage test method. 
The consolidation mean effective stress 'm0 ranges from 15 
to 550 kPa. 

The degradation and damping curves of all cyclic tests 
are shown in Figure 1. The red dashed line indicates clayey 
soil and blue solid line indicates sandy soil. Although 
measured shear strains are different in each test, G/G0 and 
h are interpolated at strains 1, 2 and 5 in each digit by using 
a Bezier curve. 

Applicability of the conventional cyclic shear test is up 
to a little larger than 0.1% (JGS Committee, 2013). In the 



 

engineering practice in Japan, test more than this strain is 
required partly because design earthquake motion 
becomes large especially after the 1995 Kobe earthquake 

and partly because many engineers prefer total stress 
analysis rather than effective stress analysis. Therefore, 
cyclic shear test is frequently carried out to strains larger 
than 1%. Considering these situation, strains from 10-6 to 
0.01 are used in this study; there are 13 G/G0- and h- 
data points in each test data. 
 
 
3 DOUBLE HYPERBOLIC MODEL 
 
The double hyperbolic model (DHP model) is composed of 
two hyperbolic equations, 
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where  is shear stress,  is shear strain, G0 is the initial 
shear modulus, and r is reference strain where G/G0 = 0.5. 
Parameters A, B and 0 are determined under the following 
conditions. 

1) Two models have the same values at =r and the 
slope at =r is continuous. 

2) Shear strength is f. 
Then Eq. 2 yields 

 
Figure 1. Cyclic shear deformation characteristics of all 

test specimens 

Table 1. Classification of soils used in this research 
 

Geologic age Depositional 
environment Soil Type Geologic 

category
Number of data set 
'm Ip Fc D50 

Man-made  Fill Clayey soil 1-Bc 10 7 10 10
Sandy soil 2-Bs 14 2 14 14

Holocene 
Upper 

Aeolian Sandy soil 3-As 2 0 0 0 

Marine Sandy soil 4-As 13 0 13 13
Gravel 5-Ag 0 0 0 0 

Brackish-water Clayey soil 6-Ac 12 10 12 12
Sandy soil 7-As 15 3 15 15

Fluvial 

Peat  8-Ap 3 2 2 2 
Clayey soil 9-Ac 30 29 30 25
Sandy soil 10-As 28 0 28 28
Gravel 11-Ag 0 0 0 0 

Lower Marine Clayey soil 12-Ac 119 99 113 113
Sandy soil 13-As 20 3 18 18

Fluvial Gravel 14-Ag 0 0 0 0 

Pleistocene 

Upper Marine Brackish-
water 

Clayey soil 15-Ac 17 15 17 17
Sandy soil 16-As 5 1 5 5 

Upper Volcanic ash fall 

Loam 17-Lm 15 14 14 14
Clayey soil 18-Dc 6 5 6 6 
Sandy soil 19-Ds 0 0 0 0 
Gravel 20-Dg 0 0 0 0 

Middle Volcanic ash fall 

Loam 21-Lm 0 0 0 0 
Clayey soil 22-Dc 76 53 71 70
Sandy soil 23-Ds 92 1 74 74
Gravel 24-Dg 1 0 1 1 

Pliocene-
Pleistocene 

Lower Pleistocene 
Upper Pliocene Marine 

Mudstone 25-Dc 4 4 4 4 
Sandy-gravel rock 26-Dsg 0 0 0 0 
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where k=f/(G0r) is called the shear strength ratio since 
G0r is the shear strength of the first (small strain) 
hyperbolic model. This model uses two parameters r and 
k to express nonlinear behavior. The shear strength ratio k 
takes the value larger than 0.5. The conventional 
hyperbolic model is obtained by setting k=1. Figure 2 
shows variations of degradation and damping curves for 
different k values. 

Noted that three shear strength ratios, k, f/G0, /'m0 are 
used in this paper. In order to avoid confusion, the term 
"shear strength ratio" is used only for k, and f/G0, /'m0 are 
added when it is used for other quanties. 

 
 

4 PERFORMANCE OF THE MODEL 
 
performance of the hyperbolic and the R-O models is 

examined and compared with that of the DHP model. Two 
models are expressed as 

Hyperbolic model: 
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where  and  are model parameters. The hyperbolic 
model uses one parameter (r) and the R-O model uses 
two independent parameters to express the nonlinear 
characteristics in addition to the small strain modulus, G0. 
Note that only G- curves discussed in this paper; damping 
characteristics are not discussed. 

Performance of the hyperbolic model is shown in Figure 
3, where reference strain is evaluated at the strain when 
G/G0=0.5. Soil behavior for seismic response analysis is 
usually expressed as G- curves (degradation curve), but 
this expression sometimes misleads performance 
evaluation. For example, difference between the test result 
and the hyperbolic model in Figure 3 seems nearly the 
same at /r=0.1 and 10; therefore, it looks that error is 
nearly the same. Since shear stress is the product of shear 
modulus and strain, difference of stresses are 100 times. 
On the other hand, difference at /r=0.1 cannot be seen in 
the - curve in the figure. In other words, G- curve is good 
to see the difference at small strains, and - curve is good 
to see the difference at large strains. Therefore, both G/G0-
 and /(G0r)- relationships are shown (G0r is expressed 
as f in the figure).  Agreement at small strain is good, but 
shear stresses are underestimated at large strains in 
almost all data (Yoshida & Wakamatsu, 2013). 

It is difficult to show performance of R-O model in one 
figure because it uses two independent model parameters. 
The shear strain is normalized by the reference strain in 

 

 
Figure 2. Parametric study of DHP model 
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Figure 3. Applicability of hyperbolic model 
 

 
Figure 4. Applicability of Ramberg-Osgood model 

1.0

0.5

0

Shear strain ratio, /r1

10-4 10-3 10-2 10-1 102100 101

Sandy soil
Clayey soil
Hyp. model

Shear strain ratio, r1

0 10 40
0

1

2

3

20 30

Sandy soil
Clayey soil
Hyp. model

1.0

0.5

0

Shear strain ratio, /r

10-4 10-3 10-2 10-1 102100 101

Sandy soil
Clayey soil
R-O model

Shear strain ratio, r

0 10 4020 30
0

1

2

4

3

Sandy soil
Clayey soil
R-O model



 

Figure 3 so that all test data passes the point /r=1 and 
G/G0=0.5. In the same manner, by defining new strain ratio 
(/r)new such as 

         r new r r,ave r,glog( / ) log( / ) log( / ) / log( / )  [6] 

degradation curve can be drawn to pass at (/r=1 and 
G/G0=0.5) and (=ave and G/G0=g), where rg is strain at 
G/G0=g. By setting g=0.8, ave/r=0.1947. By this 
conversion, test data and R-O model can be written in one 
figure as Figure 4. As the R-O models agree with test data 
at G/G0=0.5 and 0.8, performance at small strains is good. 
However, as can be seen in Figure 4; shear stresses at 
large strains are overestimated.  

In order to evaluate the applicability, error of the i-th 
data set Ei is calculated as 
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where N is number of data point (i.e. 13 in this study). Error 
can be smaller than the cases shown in Figures 3 and 4 if 
parameters are evaluated by different method, as 
explained in the following, but general tendency is the 
same. 

Figure 5 shows average error in each geological 
category. Here, HP and RO means the hyperbolic and R-
O models. In the hyperbolic model, subscript r1 and r2 are 
cases that r is evaluated at strain where G/G0=0.5, and 
that r is determined by the least square method to make Ei 
the smallest, respectively. In the R-O models, subscripts 
r3+1 and r1+1 are cases that two parameters are 
calculated by the least square method to make Ei the 
smallest (parameters are r3 and 1) and that only  (=2) is 
evaluated by the least square method (r1 is defined 
previously) respectively. Finally, subscripts r1+hmax and 
r2+hmax are same as previous cases except that value of  
is evaluated from the maximum damping ratio hmax which 
is evaluated by applying the least square method to the 
equation proposed by Hardin and Drnevich (1972), 

 max 0h h (1 G / G )  [8] 

where h is damping ratio. Although R-O model uses more 
parameters, performance is less than the hyperbolic 
model, which comes because stress-strain curve at large 
strains does not agree with test data (Yoshida & 
Wakamatsu, 2013) 

Among the two parameters used in the double 
hyperbolic, the reference strain is already studied in detail 
in our previous study (Yoshida & Wakamatsu, 2013). 
Equation 3 could be re-written as 
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This equation indicates that relationships between 
"r+/G0(/r-3)" and "r+-4/G0" are linear. Then the shear 
strength ratio is obtained by the least square method. 

Comparisons such as Figures 3 and 4 are impossible 
in the DHP model because k value is different for each 
cyclic test data. An example of agreement is shown in 
Figure 6. Since G/G0 is expressed as a function with , 
shear strength cannot be obtained without knowing G0, 
which is the reason why ordinate is not shear stress  but 
shear stress ratio /G0. 

 
 

  
  (b) vs. R-O model 
Figure 8. Comparison of errors for DHP models with other 
models (a) vs. hyperbolic model; (b) vs. R-O model 
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Figure 6. Stress-strain curve of test data No. 1 
 

Figure 7. Shear strength ratios 
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Shear strength ratios are shown in Figure 7. Legend in 
this figure is common in all figures in this paper. Values of 
k scatter widely up to 9. Many of them are larger than 1.0, 
which agrees with the observation in Figure 3, i.e., 
underestimation of the shear stress at large strains by the 
hyperbolic model.  

Error by the DHP model is compared with those of other 
models in Figure 8, where EHD, ERO and EDHP are error of 
the hyperbolic, R-O and DHP models, respectively.  
Considering that log axis is used, error of the DHP model 
is significantly smaller than that of the conventional models.  
There are several data point that shows error smaller than 
the DHP model. Error is minimized by using all data in the 
conventional models, but it is minimized by using the data 
whose shear strain is larger than the reference strain in the 
DHP model. Therefore, although it is a rare case, the 
conventional models may show smaller error than the DHP 
model. 
 
 
5 EMPIRICAL MODEL PARAMETERS 
 
The DHP model uses two parameters r and k to define the 
stress-strain curve at the first loading. After unloading, 
hysteresis curve is to be defined. Empirical equation 
proposed by Hardin and Drnevich (1972) (Eq. [8]) can be 

used to define the hysteresis curve with the method 
proposed by Ishihara et al. (1985).  

Empirical equations for r and hmax are already 
examined by the authors, and are shown in Tables 2 and 
3, where 'm is in kPa and D50 in mm. 

In order to obtain the parameter k empirically, 
relationships between k and several parameters (SPT-N 
value corrected by the effective confining stress N1, fines 
content Fc, mean grain size D50, and plasticity index Ip)  are 
developed as in Figure 9. It is clear that there is no good 
correlation between them. Then, shear strengths are 
examined in the next step.  

Figure 10 shows relationships between shear strength 
ratio f/G0 and several parameters, which still shows 
significant scatter. 
 
 
6 SHEAR STRENGTH EVALUATION 
 
Since Figure 10 does not show good correlation, shear 
strength is directly examined as next stage. 

There are many empirical equations to evaluate shear 
strengths parameters such as cohesion and internal friction 
angle, but shear strength used in this study is different from 
them. 

Table 2. Empirical equations for clayey soil 
 r hmax 

logr=a'm10-4+b logr=a'm10-4+bIp10-3+c hmax =a'm10-5+b hmax =a'm10-5+bIp10-4+c 
a b a b c a b a b c 

Pleistocene 9.42 -2.84  13.3 7.34 -3.26  2.35 0.170  3.26 -4.70 0.189  
Holocene 7.01 -2.83  8.07 8.28 -3.20  4.75 0.175  5.65 -3.54 0.186  
Ip>30 6.15 -2.71  9.06 6.89 -3.14  5.82 0.162  4.12 -4.03 0.188  
Ip<=30 12.6 -3.04  15.2 13.0 -3.43  -3.78 0.194  0.102 -0.985 0.188  
Clayey soil 9.75 -2.87  12.1 7.93 -3.24  0.951 0.177  3.06 -4.28 0.191  
1-Bc 30.5 -3.19  16.6 13.1 -3.66  20.8 0.176  39.2 -27.2 0.271  
6-Ac 26.9 -3.29  60.0 19.5 -3.90  8.50 0.182  -16.2 -6.61 0.207  
8-Ap -20.7 -2.54     -43.2 0.197     

9-Ac 1.40 -2.89  10.4 9.19 -3.32  11.4 0.176  7.85 -3.76 0.192  
12-Ac 2.09 -2.72  2.13 7.35 -3.04  7.58 0.169  9.30 -3.92 0.180  
15-Ac 3.77 -2.74  6.27 6.98 -3.11  10.2 0.160  7.59 -3.68 0.180  
17-Lm 19.9 -2.85  38.0 9.62 -3.62  7.83 0.133  -1.77 -4.58 0.170  
18-Dc 20.2 -2.82  -7.76 20.2 -3.81  -11.3 0.167  -5.84 -0.427 0.156  
22-Dc 10.5 -2.88  12.5 6.67 -3.21  -4.95 0.190  -3.64 -2.16 0.197  
25-Dc 52.9 -3.69  72.7 -11.6 -3.48  -0.210 0.195  116. -67.6 0.319  

 
Table 3. Empirical equations for sandy soil 
 r hmax 

logr=am10-4+b logr=am10-4+blogD50+c hmax =am10-5+b hmax =am10-5 

+b logD5010-2+c 
a b a b c a b a b c 

Pleistocene 12.3 -3.29  13.3 -0.127  -3.41 2.36 0.223  -0.0143 -7.45 0.179  
Holocene 11.4 -3.25  13.0 -0.193  -3.41  -5.87 0.211  -4.88 -1.27 0.200  
Sandy soil 11.5 -3217  12.4 -0.408  -3.38  4.64 0.211  6.97 -4.62 0.175  
2-Bs 16.6 -3.36  25.2 -0.523  -3.86  -57.9 0.274  -47.5 -6.38 0.214  
3-As 14.6 -3.60     13.3 0.200     
4-As 32.7 -3.42  27.7 -0.220  -3.56  0.784 0.201  5.21 1.96 0.214  
7-As 12.1 -3.22  11. 3 -0.258  -3.41  -0.0916 0.215  -0.111 -0.0447 0.215  
10-As 8.14 -3.21  14.8 -0.543  -3.64  1.15 0.190  -3.42 3.72 0.219  
13-As 17.3 -3.28  18.8 0.163  -3.17  -31.7 0.250  -35.0 -0.668 0.250  
16-As 12.7 -3.25  -0.717 -0.942  -3.88  -65.8 0.414  -9.01 44.8 0.718  
23-Ds 12. 2 -3.29  13.5 -0.129  -3.42  4.87 0.214  4.41 -7.30 0.167  



 

Shear strength parameters have been obtained under 
the monotonic loading. Figure 11 compares stress-strain 
curve under the monotonic loading (dashed and dotted 
lines) and the cyclic loading (solid line) (Mikami et al, 2006). 
In this case, shear strain amplitude increases from 0.1% to 
1% in the cyclic loading test. However, stress-strain curve 
does not come close to the one under the monotonic 
loading.  This example clearly indicates that shear strength 
under the cyclic loading must be defined separately from 
the one obtained by the shear strength parameter. Note 
that shear strength under cyclic loading is not shear 
strength when the soil fails. For example, stress-strain 
curve is nearly plateau in Figure 11. Then this shear stress 
can be supposed to be shear strength under cyclic loading. 
In the same manner, shear strength defined here is a 
parameter to get good agreement at large strains up to 1 %. 
In order to distinguish this shear strength from the shear 
strength obtained by the monotonic loading test, it is called 
apparent shear strength in this study. 

The parameters k and r are already obtained in the 
previous sections. In addition, small strain modulus G0 is 
necessary to calculate apparent shear strength f=kG0r. In 
the cyclic shear test, there are two small strain modulus. 

One is the modulus evaluated from the shear wave velocity 
measured by PS logging, which is usually called in-situ 
shear modulus and denoted as G0F. The other is the shear 
modulus at small strains in the laboratory test, which is 
called laboratory shear modulus and is denoted as G0L. 

It is well known that G0L does not agree G0F because of 
disturbance at sampling and during traveling.  An example 
is shown in Figure 12(a) (modified from Yasuda & 
Yamaguchi, 1984 and Tokimatsu, 1989). Generally, G0L is 
smaller than G0F becomes larger. 

In the engineering practice in Japan, in-situ strain 
dependent shear modulus GF is evaluated from the shear 
modulus GL obtained by the laboratory test as 

 F L 0L 0FG (G / G ) G  [10] 

Then, shear stress  is calculated as a product of GF and 
shear strain . In the same manner, apparent shear 
strength f is calculated as a product of f/G0 obtained in 
the preceding and G0F. This shear strength is denoted as 
fF, and is shown in Figure 13,. 

In the sandy soil, internal friction angle  is calculated 
as 

   fF m0sin /  [11] 

Note that this internal friction angle is not the internal 
friction angle usually used as shear strength parameter, but 
it is an apparent friction angle that corresponds to apparent 
shear strength. It is clear that this internal friction angle 
must be smaller than the actual internal angle as easily 
understand from Figure 11. However, in calculating this 
internal friction angle, right-hand side of Equation 11 is 
greater than 1.0 in many data. 

In order to make this curious result clear, a test data, 
specimen number 4-13, is investigated. Detailed data of 
this soil is as follows 

Soil type: fine sand (Holocene, sandbar deposit) 
Sampled depth: GL-7.5 m 

Figure 9 Relationships between k and several 
parameters 
 

Figure 10 Relationships between shear f/G0 and several 
parameters 

 
Figure 11 Comparison of stress-strain curves under 
monotonic and cyclic loading 

 (a) Past research (b) This study
Figure 12 Comparison between G0L and G0F 
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SPT-N value: 14 (N1=15.9) 
Mean grain size: D50=0.14 mm 
Shear wave velocity: Vs=220 m/s 
Density: =1.74 g/cm3 

In-situ shear modulus G0F=Vs2=84.2 MN/m2 
Initial effective mean stress: 'm0=78.4 kPa 
Laboratory shear modulus G0L=19.97 MN/m2 
Internal friction angle: =31.7 deg. 
Reference strain: r= 0.00139 
Shear strength ratio: k=1.12 

where internal friction angle is calculated from the SPT-N 
value based on Japan Road Association (2012). 
Degradation and damping curves are shown in Figure 14; 
/G0- curve calculated from the degradation curve is also 
shown in the figure with the DHP model. The apparent 
shear strength of this soil fF=kgG0F=131kPa. Finally, right-
hand site of Equation 11 becomes 1.67, which is larger 
than 1.0 and apparent internal friction angle cannot be 
calculated. The same discussion can be made for other 
test specimens. 

Stress-strain curve in Figure 14 is compared to the 
stress-strain curve obtained by multiplying laboratory shear 
modulus G0L in Figure 15.  Apparent shear strength in the 
latter case fL=26.0 kPa. Apparent shear strength ratio 
fL/'m0 and apparent internal friction angle are 0.33 and 
19.2 degree, respectively, which seems reasonable or 
acceptable. Shear modulus ratio G0L/G0F is 0.24 in this 
specimen. Looking at Figure 12(a), this value is within the 
range in this figure. In addition, Figure 12(b) shows the 
case of this study, and the range of data points are nearly 
the same. Therefore, case of the specimen number 4-13 is 
not an exceptional case, but cases that can be seen for 
many other tests. 

Now, it becomes clear that this curious result that f/'m0 
is larger than 1.0 comes from the conventional method to 
use in-situ shear modulus G0F to evaluate stress-strain 
curve from cyclic shear test. As shown in Figure 12, soil is 
disturbed when sampling and travelling, which result in the 

difference of small strain modulus between in-situ and 
laboratory. Therefore, it is necessary to multiply G0F in the 
small strain range. In the conventional method, nonlinear 
nature expressed as degradation curve is supposed not to 
be affected by the disturbance. However, it is clear that this 
assumption does not hold. 

The stress-path in the last loading stage of the 
specimen number 4-13 is shown in Figure 16. Red line is 
stress path and black circle is Mohr's circle at failure under 
the specified shear stress amplitude A=27.8 kPa ('m=52.1 
kPa). Because of excess porewater pressure generation, 
stress point comes close to failure line. It is difficult to 
believe that effect of disturbance at sampling affects this 
large strain range. Therefore, correction must be G0F at 
small strains, but must be G0L at large strains. 

Ishihara (1996) pointed out the same problem, and 
shows correction factor shown in Figure 17. He suggests 
to use the curve for tube sampling for temporary use. 
However, if above discussion is effective, correction curve 
is not a unique curve but depend on soil, especially excess 
porewater pressure generation characteristics. 

 
 

 

Figure 13 Shear strength ratio fF/'m obtained by using in-
situ shear modulus 

 

  
Figure 14 Cyclic shear deformation characteristics of 4-13

 

 
Figure 15 Stress-strain curve of specimen number 4-13 

 

 
Figure 16 Stress path of specimen number 4-13 
 

 
Figure 17 Correction factor depending on sampling 
method (Ishihara, 1996). 
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7 TEMPORARY RECOMMENDATION 
 
It becomes clear that excess porewater pressure 
generation is one key factor why correlations between 
apparent shear modulus and soil parameters scatter. 
Another key factor is how to evaluate the effect of 
disturbance during soil sampling and travelling. It is 
necessary at small strains, but it is not needed at large 
strains. Unfortunately, both factors are not considered in 
the practical method. More data and investigation to see 
the behavior from this point are necessary to develop a 
useful empirical equation, but they are short at present. 

Therefore, the following method is temporary 
recommended from the observations in this study. 

Evaluation of the reference strain and the damping ratio 
is already shown in Tables 2 and 3. The rest parameter k 
is calculated from the apparent shear strength f, and f is 
evaluated from the following method 
 
(1) Table type data 

G/G0 is to be multiplied by G0F at small strains and is to 
be corrected by G0L at large strains.  Then, two points are 
fixed. Correction factor shown in  Figure 17 may be used 
to connect these two point to obtain correction factor for all 
strain range. 
 
 (2) Parameter data 

Excess porewater pressure generation seems to be a 
key factor. If this is the only reason, cohesion can be used 
as shear strength of clayey soil because effect of excess 
porewater generation is small. On the other hand, in the 
sandy soil, empirical equations to evaluate amount of 
excess porewater pressure generation (e.g., Yoshimi et al., 
1989) can be used. Shear strength is obtained by 

0( )sin sinf m mu         [12] 

where u is excess porewater pressure. This method 
probably overestimate apparent shear modulus same as 
the reason shown in Figure 11. 
 
8 CONCLUDING REMARKS 
 
A new stress-strain model, named a double hyperbolic 
(DHP) model, is proposed. This model uses only two 
parameters to express the nonlinear behavior, which are 
the reference strain (strain at which G/G0=0.5) and the 
shear strength ratio (ratio of the shear strength to the 
reference strain). Simulation of about 500 cyclic shear 
deformation characteristics test data shows that error of 
this model is significantly smaller than those by the 
conventional stress-strain models (hyperbolic and 
Ramberg-Osgood models). The mechanical meaning of 
the parameters is very clear, which is another advantage 
of this model. 

Empirical formula for k cannot be found because 
relationships between k and soil parameters such as SPT-
N value, relative density, plasticity index and effective 
mean stress scatter very much. That for shear strength 
ratio f/G0 shows some correlation with them, but 
correlation is not sufficient to use them as an empirical 
formula. Finally, f is directly examined, and found that 
there are two key factors that creates scattering, i.e., 

excess pore water pressure generation and effect of 
disturbance at sampling. Based on the investigations, 
method to evaluate apparent shear strength f for the 
seismic response analysis for temporary use. 
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