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POSSIBILITY OF LIQUEFACTION DURING
AN EARTHQUAKE

MANI KANT GUPTA! AND HARI MOHAN SHARMA?

INTRODUCTION

It has been observed many times that foundation soil consisting of saturated
sands behaved like a fluid during earthquakes and the liquefaction of foundation soil in
such cases has often been the main cause of catastrophic damage to structures resulting
in loss of life and property. The additional safety in the superstructure by designing it
for bigger forces is not of any help in the event of liquefaction of soil during an
earthquake. Therefore it is extremely important to examine the possibility of liquefaction
of a site during an anticipated earthquake and take remedial measures if necessary before
the construction activity is started.

For understanding the liquefaction behaviour of saturated sand laboratory
investigations (1) on vibration tables on large size samples and (2) on traxial and simple
shear apparatus under cyclic loading conditions on small samples have been carried out.
From the review of the available literature conclusively it can be stated that no
uniform agreement todate has been achieved from different tests performed by different
investigators. The test results both quantitatively as well as qualitatively are affected
by the method of test and test equipment used.

A very comprehensive test programme has been run on small samples with triaxial
and simple shear conditions under cyclic loads. A method has been made available to
predict the possibility of liquefaction at a site during an earthquake. The method uses
the test data obtained from small sample tests under cyclic loading conditions (Seed and
Idriss 1967 and 1971). In the present paper the results obtained using this method for
some t{pcilcal problems are critically examined and the critical comments on the method
are included.

A REVIEW OF PROCEDURE

Seed and Idriss (1967) have proposed a general method for predicting the
possibility of liquefaction during an earthquake which makes use of laboratory data of
cyclic triaxial loading tests. The application of this procedure requires ground response
analysis and the testing of representative soil samples under cy&ic loading conditions.
It assumes that the shear stresses developed at any point in a soil deposit during
an earthquake are due to the upward propagation of shear waves in the deposit. This
involves the following steps.

1. Establish the soil conditions and the design earthquake in the base rock.
This involves assuming of a suitable accelerogram at some depth in the base
rock.

2, Determine the response of the overlying soils to the base motion giving time
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history of shear stresses included by the design earthquake at different depths
within the deposit.

Convert the stress history at various depths into an equivalent uniform cyclic
stress for a significant number of cycles and plot the equivalent uniform
stress induced during the earthquake as a function of depth as shown in
Figure 1.

With the help of laboratory test data determine the cyclic shear stresses
which would have to be developed at various depths to cause liquefaction
in the same number of cycles determined in step 3. These stresses are
determined by cyclic loading triaxial tests on representative samples under
various confining pressures. The stresses required to cause liquefaction may
then be plotted as a function of depth as shown in Figure 1.
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Fig. 1 Evaluation of liquefaction potential

Compare the shear stress induced by the earthquake with those required to
cause liquefaction to determine if a zone of possible liquefaction exists.

Subsequently Seed and Idriss (1971) proposed a simplified procédure which is

simplified version of general method. This method has been used in the present

analysis.

In essence the procedure offers a simple way of estimating the equivalent

uniform shear stress induced during the earthquakes, the number of significant cycles of
that stress and the shear stress to cause liquefaction in the same number of cycles,

This involves the following steps.

Estimate the maximum ground acceleration gy, during an earthquake.

2. The maximum shear stresses (Time) at some depth (%) can be obtained using

following equation with reasonable accuracy

(Toan)="1h/g X Qs X 14

L7}
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where vy is unit weight of soil g acceleration due to gravity and ryis a stress
reduction factor.

3. Average equivalent uniform shear stress Tq, induced during the earthquake is
taken to be 659, of maximum shear stress Tmay. The number of cycles of this
stress has been taken to be dependent on earthquake magnitude only as
given below: :

Earthquake magnitude Number of significant cycles
7 10
7% 20

8 30

Since the above method of equivalent number of cycles is too much subjective
a method for converting accelerogram or stress history into equivalent
uniform average acceleration or stress of significant number of cycles by
appropriate weighting of acceleration or stress level hasbeen given by Lee and
Chan (1972), which has been used in the present analysis.

4, Plot the stresses induced during the earthquake with depth for the above
number of significant cycles as shown in Figure 1.

5. For evaluating liquefaction zone stresses causing liquefaction may be deter-
mined from extensive laboratory tests to be performed on representative
samples as indicated earlier in general method. A simplified procedure
may also be used which makes use of the available data on triaxial testing
in the following way.

The results of number of investigations on triaxial apparatus of soils with different
grain sizes represented by the fifty percent grain size Dy, and at a relative density of 50%,
are summarized by Seed and Idriss (1971). Theresults of thesetests are expressed in terms
of the stress ratio (od./20,) causing liquefaction in 10 cycles and 30 cycles where od, is the
cyclic deviator stress and gy is initial ambient pressure under which the sample was conso-
lidated. The stress ratio causing liquefaction at other relative densities less than 809 can
be taken to be approximately linearly varying with relative density.

It has been estimated that the stress to cause liquefaction in field is less than those
required in triaxial testing. The above ratios have to be reduced by a factor C, which
depends on relative density D, (Seed and Idriss 1971). This ratic multiplied by over-
burden pressure will give the stress causing liquefaction and can be plotted in Fig. 1 to
indicate the liquefaction zone,

EVALUATION OF POSSIBILITY OF LIQUEFACTION

Typical simple cases of uniform saturated sand deposits were analysed with the
above method. The site has been considered to be subjected to an earthquake shown
in Figure 2. In order to evaluate the possibility of liquefaction of a deposit, it is
necessary to determine whether the shear stress induced at any depth by the earthquake
is sufficiently large in comparison to stress required to cause liquefaction.

Consider for example, a deposit of sand with relative density of 30% for which
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fifty percent grain size Dy, is 0.2 mm. The water table is at ground surface which
is subjected to the above earthquake, This earthquake has been considered to be
equivalent to 14 cycles of 65% of 0.45g (peak acceleration) ie. 0.2925g using the
method of Lee and Chan (1972).

The average shear stress induced at 5m depth in 14 cycles wili be

X .2925g

3
T¢v= .965X SX l.gTXIO—

=2680 kg/m?  (y=1.9 gm/cc)
Ya=.965 for 30%, D,

Shear stress required to cause liquefaction will be determined as explained above and
for 14 cycles it will be linearly interpolated between values for 10 and 30 cycles. The
stress ratio to cause liquefaction in 14 cycles for 509 relative density is 0.2344. The shear
stress T to cause liquefaction in 14 cycles at 5Sm depth for 307; relative density is given by

7=0.2344x0.9x 5 10*% 30/50 0. 55
=348 kp/m?
(Cr=0.55 for 309, D, Yu =0.9 gm/cc)
Similarly stress induced and stress required to cause liquefaction at other depths were
also computed. These results are plotted in Figure 3. It can be seen that according to
this analysis the sand deposit would liquefy to great depths,
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Fig, 3 Shear stresses versus depth
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Figure 3 also shows the analysis for uniform sand deposits of 307 relative density
and mean grain size of sand Dg, of 0.3mm and 0.5mm, The analysis show that during
the earthquake all the sand deposits considered would liquefy to great depths.
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Figure 4 shows the effect of relative density on the liquefaction potential for the
deposit of Dy, of 0.2mm. Similar information is drawn for Dy, of 0.3 and 0.5m in
Figures 5 and 6 respectively. It can be observed that the sand could liquefy to great
depths. The analysis shows that at 809/ relative density also it could liquefy to about
30m depths. This result does not seem to be true and needs a critical examination from
practical point of view.
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Fig. 6 Shear stresses versus depth

Effect of consideration of earthquake, equivalent to different cycles of
different average acceleration is shown in figure 7. The earthquake was equivalent to
9 cycles of 759 of peak acceleration, 14 cycles of 659, peak accelerations and 36 cycles
of 50% of peak acceleration with the use of method of Lee and Chan (1972). Itis
observed that stresses required to cause liquefaction are not much different but there is
considerable difference in induced stresses affecting the results to great extent. Therefore
choosing an appropriate value of average acceleration is important in this method and
the effect cannot be neglected.

Therefore the method of analysis needs a careful discussion on the limitations of
the laboratory test data used in analysis and on the method of approach.

DISCUSSION

It has been observed from this analysis that dense sands can also liquefy to great
extent. The results obtained from this analysis needs considerable judgement as discussed
below. It is well known that when loose saturated sands are sheared, they tend to
decrease in volume and produce an increase in pore pressure under undrained conditions.
While dense sands tend to dilate and produce negative pore pressure under undrained
conditions and any interlocking has to be broken. It can be thought that whatever the
process of shear, dense sands should break their interlocking and produce an increase in
volume, or a negative pore water pressure during shear,
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Fig. 7 Shear stresses versus depth

During the shake table studies it was observed that sand may not liquefy if
it is at relative densities of more than 65% and development of negative pore
water pressures at a relative density of 709 or above was also observed (Gupta and
Prakash 1977). A. Casagrande also observed dilation in case of medium dense to dense
sands on small sample studies under cyclic loading triaxial tests and concluded that if
sand is at relative density of more than 509 it may not liquefy (Green & Ferguson
1971), .

One of the important aspecis of the problem is consideration of progressive
development of liquefaction and spréading of liquefying zone. - Liquefaction of any zone
in asand deposit in first few cycles of an earthquake reduces the overburden pressure
on lower layers. This may cause favourable conditions for liquefaction to develop in
lower layers in next few cycles thereby further reducing the overburden pressure on
deeper layers. In this way liquefaction may travel to sufficient deep layers during the
carthquake. In the analysis as proposed by Seed and Idriss (1967, 1971) this aspect of
the problem is not considered. The equivalent number of cycles cannot take care of the
above behaviour.

Cyclic triaxial or simple shear tests used to determine the cyclic shear stress likely
to cause liquefaction are subject to considerable limitations (Pea cock and Seed 1968).
Castro and Poulos (1977) believe that observed behaviour of cyclic deformations in dense
clean sands under cyclic loading triaxial or simple shear tests are due to test error,
redistribution of void ratio which is not representative of field behaviour. Therefore
they are of the openion that use of cyclic load test results for clean sands should be
avoided for quantitative evaluation of in situ deformations. '

Therefore the laboratory data on small samples used in the analysis requires a
careful judgement and it seems that it isin error, Secondly the actual behavionr of
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saturated sand masses during the earthquake is also not taken care of in the analysis as
discussed above. Thus it seems reasonable to think that the method of analysis as
proposed by Seed and Idriss is in error and there is a need to develop a more rational
method,

CONCLUSIONS

1. The method available for assessing the possibility of liquefaction which makes
use of laboratory test data on small samples under cyclic triaxial or simple shear condi-
tions seems to be in much error and should be used only with due care.

2. There is a need to develop a more rational method.
REFERENCES

1. Castro, G.and S.J. Poulos (1977)‘. “Factors Affecting Liquefaction and Cyclic Mobility"™, Journal
?5 ;.;12 Geot;&hmg& Engineering Division, ASCE, Vol. 103, No. GT9, Proceedings Paper
s PP faiing .

2. Green, P.A, and S. Ferguson, (1971), “On Liquefaction Phenomena, by Professor A. Casagrande
Report of Lecturer”, Geotechnique (London), Vol. XXI, Number 3. pp. 197202,

3. Gupta, M.K, and S. Prakash (1977), ‘Sand Liquefaction During Shake Table Vibration”, Proceed-
ig:gszgf 6th world Conference on Earthquake Engineering, New Delhi, 1977, pp. 6—19 to

4. Lee, KL, and K. Chan (1972}, “Number of Equivalent Significant Cycles in Strong Motion Earth-
quakes”, Proceedings of the International Conference on Microzonation for Safer Con-
struction Research and Application” Seattle, Vol. H, pp. 609—628.

5. Peacock, W.H. and H.B. Seed (1968), “Sand Liquefaction Under Cyclic Loading Simple Shear
Congét;'g;'ds.loumal of Soil Mechanics and Foundation Division, ASCE, Vol. 94, No. SM3,
pp- .

6. Sced, H.B. and 1.M, Idriss (1967), *Analysis of Soil Liquefaction, Niigata Earthquake”, Journal of
Soil Mechanics and Foundation Division, ASCE, Vol. 93, No. 'SM3, pp. 83—108.
7. Seed, H.B. and I.M, Idriss (1971), “Simplified procedure for Evaluating Liquefaction Potential”,

Journal of Soil Mechanics and Foundation Division, ASCE, Vol. 97, No. SM9 pp.
1249-1273.



