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'THE SIMPLE EVALUATION METHOD OF SHEAR STRESS
GENERATED BY EARTHQUAKE IN SOIL GROUND

Tsuneo IMmA1, Keiji TonoucHI and Takashi KANEMORI

Abstract

‘ Accurate evaluation of shear stress and the ability to forecast amplitude of acceleration,
velocity and displacement of seismic waves generated by earthquakes are essential factors in
aseismic design planning as well as in the assesment of the liquefaction potential of sandy ground.
A simple method proposed by Seed forecasts shear stress generated by earthquakes. In Seed’s
method, a column of soil in the ground is arbitrarily taken as a unit for the basis of calculations.
In order to approximate actual shear stress in relation to base shear of this column, which is
treated as a rigid body, a correction coefficient (or, as Seed calls it, a “stress reduction” coefficient)
rq is used. Besides Seed, this coefficient has also been proposed by Iwasaki, et al. However, little
investigation of the reliability of this coefficient has been carried out.

In this paper, the results of many response analyses have been used to examine to
correction coefficient 7; from a number of angles. On the basis of this investigation, the authors
proposed a simple evaluation method which uses “time-related” r, distribution values in place of
the heretofore used “depth-related” values.. Using this method, the authors have forecast shear
stress that would be generated during earthquakes. They have found that the results given by
this method are similar to those yielded by detailed response. analyses

1 INTRODUCTION . .

Much past experience has made it very clear that there is a close relationship between
earthquake damage and the type of ground in which the-earthquake ‘occurs, This is to say that
the behavior of the ground during an earthquake varies according to ‘the type of ground. In this
regard, in order to prevent or at least minimize damage due to earthquakes, careful consideration
of the probable behavior of the ground during earthquakes is essential. Various types of ground
behavior forecasting methods have become available.

Methods for predicting ground behavior include the wave amphtude of acceleration,
velocity and displacement. In addition, the evaluation of shear stress generated during earthquakes
is important for planning aseismic design of structures as well as for ' assessment of liquefaction
potential of sandy ground.

Generally, response analysis is used to assess various types of wave amplitude or shear
stress data. Assessment techniques include the Lumped Mass Method, a method based on wave
motion theory and the Finite Element Method. However, as-.an alternative to these complex
methods that is frequently used, the method proposed by Seed (1971)" is a simple way of
forecasting shear stress generated during earthquakes.

In Seed’s method, surface acceleration and overburden pressure are used to calculate
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shear stress at various depths. In this method, a column’of soil, regarded as a rigid. body, is
taken as a unit. In order to approximate .actual shear stress in relation to base shear below this
column, a correction coefficient is used. The method of calculation is relatively simple. Thus, this
method is commonly used when substantial areas of ground are to be investigated or simply when
a general idea of shear stress is all that is needed.

In Seed’s method for evaluating shear stress, the correction coefficient rq is used to
produce results that more closely approximate actual shear stress. While this coefficient has been
proposed by Iwasaki (1978)® as well as Seed, actually little investigation of the reliability of this
coefficient has been carried out. The fact is that frequently the 74 value that has been proposed
does not- agree with' values that have been calculated on ‘the basis of shear stress values obtained
by response analysis.

Thus, the authors have taken up the problem of the value of 7;2'?. The results of
many response analyses have been used to examine the correction coefficient from a number of
aspects. On the basis of this investigation, we propose a simple evaluation method. Using this
method, we have evaluated shear stress generated during earthquakes and compared our results
with the results of other methods. This paper is a report on these results,

N

¢

2 THE SIMPLIFIED METHOD

Below is a descrlptlon of the method proposed by Seed for evaluatlng shear stress at
the time of an earthquake. : :

As shown in Figure 1, the ground is cons1dered to be made up units of soil column of
specified areas. Assuming that each soil column is a rigid body, Formula (1) expresses base shear
z at the bottom of the column when subJected to acceleration a. '
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where, ¢,=overburden pressure at the base of soil column (i.e., weight of the column)
and g=acceleration of gravity.
However, in actuality, the soil column is not a rigid body, but an elastic body that
undergoes deformation. Consequently, if we designate r; as a quantity to correct for this, shear
stress during earthquakes v, may be expressed as the following formula:

Tg=T * Ty ‘ (2)

Seed refers to 74 as a “stress reduction coefficient”. Thus, it can be said that r; is a
correction factor for making ¢ approximately equal to 74, and in this way, signifies a departure
from the rigid body concept. -

Figure 2 shows the distribution of 7, proposed by Seed and Iwasaki for different
depths. - Using the results of response analysis of a number of ground models of sand layers
located within 15 meters from the surface, Seed found the distribution of r4 values shown by the
crosshatching in the figure. Iwasaki et al. carried out a series of response analysis tests of 6
different kinds of input waves in different ground models. Different values for r; were found
for each input wave. In addition; it was found that the value of 7, falls off as depth increases
according to a certain proportion, and that this proportion is greater the shorter the predominant
period of the input wave. However, for practical purposes, they tock the mean value from
their results to propose a value for 4 as 1-0.015 - 2, where x=depth. - This method of expressing
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Fig. 4 ‘Input waveforms for response analysis

74 is used in the government publication, “Specifications for the Earthquake-Resistant Design of
Highway Bridges™

3  METHODS OF INVESTIGATION CORRECTION COEFFICIENT r,

This report is based on numerous response analyses carried out by the authors. The
response analysis method used is based on multiple reflection theory® for S waves in horizontally
layered ground. The method takes into account the non-linearity (i.e. strain dependency) of
dynamic deformation characteristics of the soil. Figure 3 is a diagramatic representation of the
process of response analysis. .

Response analysis was carried out on the 5 waveforms shown in Figure 4 for a total
of 143 calculations. Table 1 shows the essential data concerning each of the 5 types of waves
used®~®. Material published by California Institute of Technology, the Ministry of Construction’s
Public Works Research Institute and the Ministry of Transport’s Port and Harbor Research
Institute provided this data.

In order to classify the different types of ground in which response analysis was carried

Tabel 1 Essential data on input waves used in the investigation
[
Name Date Focal region M D&%h (ﬁ> Comp. Mez}é.agcc. Notes
{ HACHINOHE | May 16, 1968 Off Tokachi 7.9 0 186 NS 233 P.H.R.L
| HOROMAN | May 16, 1968 Off Tokachi 7.9 0 154 TR 52 P.W.R.1L
TARUMIZU | June 12, 1978 | Off Miyagi Pref. 7.4 40 120 TR 177 P.W.R.1.
KAIHOKU | June 12, 1978 | Off Miyagij Pref.- 7.4 40 90 LG 193 P.W.R.L
TAFT July 21, 1952 | Central Carifornia 7.7 0 44 | S69E 158 E.E.R.L,
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out, the following formula for calculating f;, a value which corresponds to predominant frequency
of the ground was used .

where, V;=S wave velocity of 7th layer
H;=thickness of 7th layer
n=number of layers of the ground model
Figure 5 shows the distribution of f; values for each type of seismic wave. As-shown
in the figure, many of the grounds for which response analysis was carried out has a predominant
frequency of below 1 Hz, (“Ground Type 4”, as described in “Specifications for the Earthquake-
Resistant Design of nghway Bridges™).
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Fig. 5 Distribution of predominant frequencies in response analysis ground models

4 DEPTH-RELATED r, DISTRIBUTION (OLD METHOD)

4.1 Range of Depth-Related r, Distribution

Heretofore, correction coefficient r; has been expressed according to its distribution in
relation to depth (in this paper, this method of expressing 7, is referred to as “depth-related 7,
distribution”). Both Seed and Iwasaki have made proposals for expression of r; distribution in
this way.

Figure 6 (2) shows distribution of 7; values plotted against depth. The data is the result
of the 143 response analyses carried out by the authors. Figure 6 (b) is the previously shown
graph of r, distribution based on findings by Seed and Iwasaki, shown once again for purposes .
of comparison. It can be clearly seen that the distribution of values for 7; in Figure 6 (a) simply
does not fit within what had previously been accepted as the range of r; values. This figure
illustrates that 7 is not an invariable value for a given depth, but is greatly influenced by con-
ditions related to type of input waves, ground conditions, etc.
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4.2 Differences in r, Distribution due to Type of Input Wave

Figure 7 is a breakdown of the 7, curves shown in Figure 6, arranged according to the
5 different stations at which the seismic waves were monitored. It can be seen from these graphs
that 7, values vary according to the seismic wave. With the HACHINOHE waves, 4 does not
decrease very much with increases in depth. However, with the TARUMIZU waves, 7, falls off
drastically over an interval of 10 meters from the surface. =~ With the HOROMAN waves, 74
generally decreases linerally with increasing depth. The TAFT waves appear to be midway in
tendency between the HOROMAN and HACHINOHE waves. Thus, while it is clear that 74
distribution tends to extend over a considerable range even for a single type of waveform, it is
just as clear that input wave alone is not the only factor that determines r, value.

4.3 Differences of r; Distribution due to Ground Condition

Because the distribution of response acceleration values according to depth reflects

ground conditions, we can probably state with confidence that there must be some correlation
between acceleration and 74 distribution. '
. The authors have taken 5 representative 7, curves. from  their response analyses of
HACHINOHE waves that show a relatively wide distribution of 74 values. Using this data, the
relationship between 7, distribution and distribution of response acceleration values were plotted.
The results are shown in Figure 8(a), 8(b) and 8(c). Figure 8(a) and 8(b) plot acceleration
values against depth, with acceleration values in (a) normalized in relation to the base layer,
while acceleration values in (b) normalized in relation to the surface. Figure 8(c) plots distribu-
tion of 7, values against depth. It can be seen from these figures that the proportion by which
rq values decrease according to depth shows a relatively good correlation between normalized
acceleration values at the surface and distribution of acceleration values. However, normalized
base acceleration values do not show any particular correlation at all. From this, we may infer
that 74 distribution is not greatly influenced by all layers above the base layer, but rather is
largely determined by ground conditions in shallow layers only.
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Fig. 8 Comparison of 7 distribution and acceleration distribution
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5 TIME RELATED r, DISTRIBUTION (PROPOSED METHOD)

5.1 r,; as derived from Wave Motion Theory

Seed’s simplified method is based on the concept of a balance of forces within a hy po-
thetical soil column. In this section, however, we will consider r; from the standpoint of wave
motion theory. '

As shown in Figure 9, a semi-infinite medium in which S wave velocity is uniform is
hypothisized. ~Let us suppose that we have an incident wave with angular frequency w and
displacement amplitude v,. If we designate the time in which this wave arrives at the surface
as ¢, surface displacement v, is :

V= Zvoeiwc
and acceleration a; is
as= "'2(02°erimt (3}

Also, at a given depth z, displacement v, is expressed by the following formula which
combines upward and downward waves: )

—Z —Z
.vz=.voetm(_t— A )+‘voei¢u(t+ Vs )

Z 2
=v, (e Vi +e o) etor
where V,=S wave velocity.

Consequently, shear stress z, at depth z is expressed by the following formula:

— ~0v;
=G Oz

. [0 z - z
= zG V (eiw V. —e to Vs )eimt
s

D iot
V. e
s

= —2vonT,c'—i—si’n
Here, G is rigidity. Thus, from the relationship G=pV,?
' ‘ . wz :

T, ==—2V,p V,wsin V.

| R

o Stéirting with the fc;llowing fbrmula'» Which deﬁnés T4y

by sﬁbstituting ‘Formulas (3) and (4) into, For’crriﬁla; (5), we get

'r . s "il" Wz
= sin
“ oz Vs

and if we. use the expression. T =—2%—, we obtain the following: S U

re=—=—sin (oT) ‘ | 6)
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Fig. 9 Propagation of seismic waves

Fig. 10 Theoretical 74 distribution in semi-infinite
media

When Formula (6) is applied to stationary waves, in the time before the downward

wave reﬁected by the surface has not reached the pomt, (T< v ), because only the upward
S
wave need be concidered, by eliminating the expression for the downward wave, we get

Te= "2—2)—1-.‘ O

Thus, in a semi-infinite elastic homogenous medium, r; is expressed either by Formula (6) or (7),
whichever is the larger value. Figure 10 shows calculated r, values for a semi-infinite elastic
homogenous medium for frequencies of 0.5, 1,"2-and 5 Haz. .

The above has shown that the correction coefficient r, is a function of frequency of
incidental waves as well as T, arrival time of S waves from the surface to a depth z. (Hereafter
travel time is given as T.) : B

5.2 Actual Time-Related r, Distribution Values

It was shown in the last section that in a semi- infinite elastic medium, 74 is represented
as a function of the frequency elements of input waves and travel time of S waves. When we
consider this, if we were to consider 74 in relation to travel time for each input wave, even in
the average multilayered ground it can be expected that rather than depth related 4 distribution,
rq distributed arranged. accordmg to travel time of each input wave would produce a tighter
distribution pattern. —

Figure 11 is the 74 d1str1but1on arranged accordmg to travel time of each wave using
the same depth-related 74 distribution data as in Figure 6. In this paper, this type of arrangement
will be referred to as time-related 74 distribution. Now, if we compare the time-related 7, distri-
bution in Figure 11 to depth-related:r; distribution. in Figure 6; wé find that the former shows the
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better concentration. Figure 11(f) is a comparison of the mean values of 7, distribution for each
input wave form. Because r; values reflect frequency characterlstlcs of input waves, a different
distribution curve for each wave is obtained. l

In the above, we have seen that if 7, distribution in multilayered ground is expressed
in relation to travel time, regardless of ground conditions, there is a tendency for similar distzibu-
tion curves to be described for each input wave. ‘

Next, we have calculated r; values for 5 input waves in a semi-infinite elastic
medium. This is shown in Figure 12. If we compare this figure and the single frequency 74
values of Figure 10, we can see that although there is a rélatively similar distribution pattern, but
the factor of single frequency 74 values alone is not sufficient to account for “all travel times.
That is to say, general input wave form 7, values are made up of many different types of
frequency elements. Also, if we compare with response analysis results (Figure 11) we see that
the 4 distribution in Figure 10 generally corresponds to the lower limit (small r; values) of ry
distribution in F1gure 11

5.3 r,; Distribution in a Ground Model

Having achieved the satisfactory results described above, the authors carried out
response analysis on a simplified two-layer ground model to consider the effects of ground
conditions on 7, distribution.

In two-layer ground models, response properties are determined by three parameters : (1)
impedance ratio a; (2) travel time from base layer to surface 7T, ; and (8) damping factor of the

c oV,
V.

ground. Here, o = (where p=density, V=S wave velocity, 1=surface layer and 2=base

02

layer). T,=d/V (where d=thickness of surface layer). When T, is increased by a factor of 4,
corresponds to the primary predommant frequecy of the ground. .The: authors have mvestlgatcd
the influence on 7, distribution of the effects of changing each of these three parameters. Below,
representative examples are given of HACHINOHE input waves, - with their relatively long

predominant element and HOROMAN input waves, which include many short period elements.
Figure 13 is an investigation of -the effects of impedance ratio a. The changes in 74
distribution when a=1.0, 0.5 and 0.2 are shown. It can be seen that there is little change in 74
distribution with changes in impedance ratio. Next, we investigated the results when T,=0.1, 0.2
and 0.5. This is shown in Figure 14. In-this case, some changes in#4 distribution for HOROMAN

HACHINOHE - - - .. HOROMAN S

. Ta . : Ta
0.0050—0:2_ 0.4 06 08 10 0 02 04 06 08 1.0
. T T T . T T T
To=0.5 h=0 To=0.5  h=0
0.01 ] 0.01 }—rt t+——f— I3
— a =1.0 — 2a=1.0 //;‘
——— g =0.5 —— a=0.5 yai
0.02— o, /:'J 0.02(— """ PO / 7
= " = '
<005 / 20.05 i
Q i/ Q / 7
i /| & 7
01 £ 01 i
//' /'-:///
0.2 ; 0.2 ,/’/’/
-"(‘ I'//
A f//
0.5 Z 0.5 &

@ ‘ (®)

Fig. 13 Effect on 7; value changing impedance (o)
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Fig. 15 Effect on 7¢ value changing damping factor- (k)

waves were observed. However no constant tendency, in this change can be seen.

Figure 15 shows the effects of damping factor 4. In thls case, as h increases, there is a
tendency for 74 to increase for all waveforms. ThlS tendency is espec1ally outstandmg in the
HOROMAN waves. ‘ :

As we have seen in the above, of the three parameters con51dered a, T, and h, there
is no marked influence on 74 values by @ or T,, while A does show an-influence. Accordingly, we
have calculated representative 7, distribution curves in relation to dampmg factor when A=0, 5%
and 10%. Fi 1gure 16 shows: the results of theee calculatlons
of previously conducted response analyses shown in Figure 11. Companng these results, it can be seen
that there is good correspondence between 74 distribgtton,curves for damping factors of 5% and 10%.
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Fig. 16 7, distribution for each wave

5.4 Effects of Damping Factor h

First, let ‘'us consider r; from the standpoint of wave motion theory again. In the
process of arriving at Formulas (6) and (7), a semi-infinite medium was hypothesized. For
boundary conditions, it was given that the incidental waves are completely reflected from the
surface as downward waves of the same amplitude. "However, these conditions apply not only to
our hypothetical semi-infinite medium, but also to any multllayered ground if we consider only
the first layer. Consequently, Formulas (6) and (7) which assume a semi-infinite medium may be
applied to the two-layer model of Section 5.3. Furthermore, if we introduce amplitude v, not as
amplitude of waves incidental to the base layer, but rather as the amplitude of response waves

at the surface. When complex rigidity G¥*=G(1+2h37) is used in Formula (5), the following
formulas, which also take viscosity into account, are derived :

ra= gyt ﬂ;h—-ﬂ-{cosh.:('zwq’h)-— cos 20T} . ®)

wTh
rd 2 @ T ]/ 1+h2 OIS S SR S N (P L PEORN R T L S RS KL (9)
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Formulas (8) and (9) correspond to Formulas (6) and (7) respectively.

Figure 17 shows single frequency r4 distribution calculated for when A=0, 10% and
20%. In this figure, y axis is normalized by multiplying frequency by travel time. As shown
in the figure, as damping factor 4 increases, there is a tendency for 74 to increase. This is con-
sistent with the above mentioned model calculations. ,

‘We may therefore conclude that in cases where a substantial number of response analysis
results are not available, in order to determine generalized r, distribution curves such as shown
in Figure 11 (f), it is acceptable to use either the 5% or 10% damping time-related r4 distribution
values for the two-layer model shown in Figure 16 to select a representative 74 distribution curve.

6 PROPOSAL FOR A NEW SIMPLIFIED EVALUATION METHOD

6.1 Evaluation Procedure

Below is a proposal for evaluation of shear stress which takes into consideration the
dependency of S wave velocity (rigidity) on strain. Figure 18 summarizes the procedure.
(@8] First, specify the constants for a ground model and calculate S wave travel time from the
surface to the center of the first layer.

Tra

0.05

0.1

0.2

f.T

0.5

1.0

2.0kt

Fig. 17 Theoretical #¢ distribution in semi-infinite media calculated in consideration of damping factor
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2) Pick out 74 value corresponding to travel time calculated above from the r; curve for the
specified wave form. ' -

3 Determine shear strain by dividing shear stress by rigidity.

4 After substituting effective shear strain for the shear strain value obtained, use the strain
dependence curve (Figure 20) to change S wave velocity so that it agrees with this
value.

5) Using the new S wave velocity, repeat steps (1) through (4) until relative error between
strain value before and after the calculation process converges to within 10%.

(6) Once convergence is achieved in the first layer, go on to the second and the third layers,
determining converged S wave velocity for each layer above the base layer.

7 Using the pattern of S wave velocities thus obtained, calculate travel time to the desired

depth. Then, using r, value taken from the 7, distribution curve, determine shear strain,

INPUT WAVE § INITIAL MODEL
(n LAYERS)
| ‘ “
i=1
L. —
\ B~ ,
TRAVEL TIME T FROM SURFACE
TO MIDDLE OF i-TH LAYERS

Ta CURVE OF INRUT WAVE

T4 VALUE AGAINST T

SURFACE ACCELERATIONs

MODEL CHANGE
=3, . BY

= g ov* Td p G/GOCURVE
G= 0 .Vs2 _—_4;‘;{

SHEAR STRAIN ¢ -
reg

|

EFFECTIVE SHEAR STRAIN 7
7=0.65-7y

- 'SHEAR STRESS ¢

i=i+1

CONVERGENCE
OF SHEAR STRAIN

NO

FINAL RESPONSE

Fig. 18 Procedure-of: simplified method of evaluating shear stress during earthquake
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Fig. 20 Strain dependency curves of rigidity (G/Go) and damping factor (%)
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6.2 Example of Application of Evaluation Method °

As shown in Figure 19, the authors carried out response analysis on 7 kinds of ground
models by using HACHINOHE and KAIHOKU waveforms at incidental acceleration amplitudes
of 100 gal. Then they compared these results to shear stress values computed on the basis of
Seed’s simplified formula. Here, the following three values obtained by each of these methods

are compared :

(a) Time-related r; distribution where the S wave velocity is reduced by strain, which is
obtained by the procedure described in Section 6. 1.

(b) Time-related 7, distribution where the S wave velocity used is that used in the initial
model. ,

() Depth-related 7, distribution. ~ Here the value for 7; used is 1-0.015.2. The strain

dependence curve for rigidity and damping factor ‘is shown in Figure 20,

1000 T—r—rrrrry T T e
- | HACHINOHE $ KAIHOKU ]
s | T ]
& . .
E .
=3
(&
° ]
gt 1 -
=
w 10 1 et gl 5 PRSI " s NN SESPE | 2 PYRENT B I TPRrIrY
10 100 10 100 1000

S-Wave Vel. by Response Analysis (fn/s)

Fig. 21 Comparison of S wave velocities obtained by response analysis and simplified method (a)
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Fig. 23 Depth distribution of shear stress (model No. 4)

Before evaluating shear stress; S wave velocity values obtained:by ‘response analysis
were compared with the results of the procedure described in Section 6.1.  This comparison is
shown in Figure 21.  The figure shows relatively good agreement between the two methods.
Thus, the authors’ proposal may be supposed to-be valid.

Figures 22 and 23 are a comparison of values obtained through response analysis and
methods (a) and (c) for shear stress depth distribution in two models selected from. the above
mentioned 7 models. For HACHINOHE input waves, little difference in values obtained by any of
the methods results for either model. However, for KAIHOKU input waves, there is a great
difference between results obtained by method (c) and the other methods for any model.

In Figures 24 and 25 the results of shear stress obtained from all 7 models is compared.
In these figures, error is within a range of *£25%. All results obtained by proposal (a) fall
within this range, amounting to good agreement. With method (b), good agreement is shown,
although these results are generally- somewhat larger than actual ‘values. With the old method
(c) there are some areas of agreement while in others, depenchng on the ground model, there
are big differences. :

In this way, using the authors proposed time- related rq distribution for corrected
evaluation, the results obtained show good agreement in all ground conditions.

17  AFTERWORD

In this paper we have investigated the correction coefficient 7, in Seed’s method for
evaluating shear stress generated during earthquakes by response analysis. This investigation
was based on the results of numerous response analyses carried out by the authors. We have
pointed out that S wave travel time and incidental waveforms are basic factors influencing 74
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values. On the basis of this, we have proposed a time-related 7, curve.  This time-related
method is nothing more than the normalization of 74 values. If time-related 74 values are used,
values more closely approximating actual shear stress will be obtained than with depth-related 7,
values. Nevertheless, it cannot be denied that a certain amount of error is included. However,
regardless of whether or not it was actually possible to refine this method further, even if this
was feasible, the process of computation would become complex, and the advantages of having
a simplified method would be lost. Our method uses a quasistatic concept, although it Would be
more accurate to regard it as a time history method.

In this way, the time-related 74 distribution method proposed by the: authors may be
described as a suitable method when considered from the standpoint of ease of use and accuracy

of results obtained.
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