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ABSTRACT 

This report outlines an experimental investigation into the mechanism 

of liquefaction. The investigation is centred on the relationship between 

the pore pressure build up in a sand sample, and the energy input to that 

sample by a cyclic load. 

Cyclic triaxial tests were used to establish the form, if any, of this 

relationship. A large portion of the duration of the experimental investi-

gation was spent in developing a workable test procedure. The development 

continued with the construction of an electronic integrator specifically for 

the testing work. This device facilitated the recording of a plot of the 

pore pre.ssure versus work input to the sample, continuously, throughout the 

duration of a test. 

A simple theory enabling prediction of the pore water pressure response 

i 

to a given energy input at a known confining pressure is proposed. Comparison 

of the theoretical results with the measured traces for five analysed tests 

indicates that there is some merit to this description of the mechanism of the 

liquefaction of sands. 

The report concludes by emphasising this promise and suggesting that 

detailed future research along similar lines is needed. 
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INTRODUCTION 

The liquefaction of sands has been a contributing factor in several 

. . f . 1 h 1 4 . . h k . (l) f eng~neer~ng a~ ures. T e 96 N~~gata eart qua e ~n Japan eatured 

several foundation failures attributable to liquefaction of underlying sand 

material. Dam failures,. such as those of the Calaveras Dam in California in 

1920(
2

) and the Lower Van Norman Dam during the 1971 San Fernando earthquake(J) 

have also been caused by liquefaction of support material. As a result, the 

mechanism of liquefaction has been studied in the hope of avoiding similar 

failures in the future. 

Literature Review 

The phenomenon of sand liquefaction has been studied by several groups 

of researchers throughout the past twenty years. Their investigations have 

isolated many of the properties which characterise the occurrence of lique­

faction, without yet providing a complete understanding of the mechanism. 

It is apparent that liquefaction occurs in loose saturated sand subjected 

to shearing deformations. Earthquake shaking, or a gradual buildup of strains 

within a slope are possible sources for the deformations. Under the loading, 

loose sand compacts. This compaction increases the pressure within the water 

saturating the pores of the sand skeleton. Increasing the neutral (porewater) 

stress decreases the effective stress within the sand. When the effective 

stress is reduced to a level at which the sand structure is no longer able to 

resist the shearing forces, the sand is said to have liquefied. 

Several schemes have been used to model this behaviour. These schemes 

have followed two distinct lines of analysis. The first approach involves 

observation of in-situ sand deposits. In particular the behaviour of sands 

during earthquakes is observed. After the Niigata earthquake of 1964(l), a 

number of Japanese engineers( 4 , 5 , 6 ) studied the areas in which liquefaction 

had or had not occurred. From their work, certain empirical criteria based 

primarily on the Standard Penetration Resistance of the sand deposits, were 

developed. These criteria differentiated between liquefiable and non-lique-

fiable conditions in Niigata. Using the Japanese idea as groundwork, other 
(7) 

researchers, notably Seed and Peacock , looked at relationships between 

field stress ratios of the form T/0 (T=horizontal shear stress, o = initial 

effective overburden pressure) and sand relative density, again based on 



standard penetration tests. Analysis of field cases is still continuing 

along similar lines, increasing the data base from which the empirical lique­

faction formulae are derived. 

The second analysis approach is one step more refined, linking field 

stresses with the threshold liquefaction stresses determined in laboratory 

experiments. Seed and Idriss(l) pioneered this analytical approach with 

their work on the Niigata earthquake. Adopting this approach requires an 

understanding of the development of stresses in potentially liquefiable layers 

in the ground, as well as the ability to produce a suitable test procedure for 

the determination of liquefaction stresses in the laboratory. Considerable 

work is being, and has been done in this field, with the aim of getting a 

insight into the problems of liquefaction. 

2 

Analytical methods have developed with this work. The earliest research 

centred on development of stress-strain relationships for sand. (B) These 

relationships evolved from studies of factors such as grain characteristics, 

previous strain history and relative density, which were known to affect the 

liquefaction potential of a sand sample. Effective stress analysis methods 

were the next development. (9 ) In this form of analysis, the resistance· to 

deformation at any point in the sand deposit is a function of the effective 

stress. This in turn depends on the rate of generation and dissipation of 

porewater pressure. The first attempts at this form of analysis by Finn et. 

l (9 ) . d h . 'f . . h h . d' 'd 1 a . requ~re t e s~mpl~ y1ng assumpt1on t at t e 1n 1v1 ua sand layers 

were saturated and undrained, with no allowance for redistribution of porewater 

pressures betv;een layers. 

S d 
. d . (10) ee , Mart~n an Lysmer were able to extend the theory in their 

paper of 1976, without requiring the drainage assumption. Their work used 

a finite difference scheme to simultaneously solve for the spatial and temporal 

variation of excess pore pressure. The scheme used a modified form of Ter-

zaghi's one dimensional consolidation theory, with the addition of a term to 

account for the rise in pore pressure due to the shaking effects of an earth-

quake. After idealising the earthquake motion in an equivalent number of 

uniform cycles, the finite difference scheme could be used to predict the 

excess pore water pressures likely to develop in the soil deposit. The 

approach was a simple one, effective in predicting the pore water pressure 

values, without isolating the mechanism of the pore water pressure behaviour. 



(11) (12) 
It was Oh-Oka and Nemat-Nasser and Shokooh who made the next 

step forward in the study of liquefaction. Their observation that the 

densification of a sand prior to liquefaction involved a rearrangement of 

the grains and hence the expenditure of a certain amount of energy, led them 

to postulate a theory linking the energy loss in cyclic shearing to the 

consequent change in void ratio and rise in pore pressure in the saturated 

undrained case. Investigations into the energy-pore pressure relationships 

of Oh-Oka and Nemat-Nasser are still continuing. 

Scope of Project 

Many experimental techniques have been used in the past to determine 

liquefaction parameters. Cyclic simple shear tests, torsion ring and cyclic 

triaxial tests are just some of the experimental procedures which have been 

used. 
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In the work described below, a cyclic triaxial test procedure was 

developed, which enabled the preparation and testing of sand samples in an 

effort to investigate the relationship between pore pressure generation during 

cyclic loading and the amount of energy dissipated by the sand. A description 

of the experimental work performed and the apparatus used makes up Chapter 2 

of this report. Chapter 3 presents a test history and discusses the various 

plots and traces which form the data from a typical te'st sample. Analysis of 

the results follows in Chapter 4. Included in the analysis, is a development 

of the theory from which theprqjectwas derived. The theoretically predicted 

results are then compared with the average experimental effects, to establish 

the validity of the proposed theory. The conclusions drawn from the project 

work are presented in Chapter 5, along with suggestions for areas of research 

in the future. 



THE EXPERIMENT 

Laboratory testing has been an integral part of the development of 

many of the modern theories relating to the mechanism of liquefaction. 

Although many testing methods have been 'tried, the most widely and success­

fully v.sed procedure has been the stress controlled cyclic triaxial test. 

4 

The cyclic triaxial test involves assembling a specimen in a conventional 

triaxial cell and submitting it to cycles of uniform extension and compression 

strokes. The cyclic loading is generally achieved by either one of two 

methods. ( 15 ) 

(a) Pneumatic Piston - A double acting piston is coupled to the specimen 

and the pressure or load is varied by selection through a directional 

solenoid valve. 

(b) Electrohydraulic Closed Loop - The double acting hydraulic piston is 

coupled to the specimen, with the piston action being controlled by 

an electronic servo valve. 

(16 17 18 19) 
Several papers ' ' ' have been written with the intention of 

establishing performance specifications to enable researchers throughout the 

world to test varied material on different equipment, with some degree of 

consistency. Although a testing standard would be desirable, the diversity 

of equipment currently in use and the rapid advances in this area of research 
. (16,17) 

make such a proposal inappropriate. Rather, most wrlters have limited 

themselves to discussing such aspects as alignment of the load cell-specimen 

system, recommended measuring devices, test cyclic frequency and other special­

ised test components and procedures. 

A particular problem in cyclic triaxial testing is the preparation of 

consistent samples. Many preparation methods have been tried, (l7 , 18 ) each 

giving a degree of consistency between similarly prepared samples, butwith 

some variation in results between different preparation methods. Careful 

control is required in any testing program to ensure that consistency of sample 

properties is achieved, and reliable results obtained. 



The remainder of this chapter describes the development of the test 

procedure and sample preparation methods used during the testing program. 

Equipment 

A schematic representation of the apparatus set up can be seen in 

5 

Figure 1. Most of the equipment shown is typical of that used in liquefaction 

experiments. 

integrator. 

The exception here is the presence the electronic digital 

Its main function was the automatic calculation of the work 

input to the sample being tested. To do this the integrator continuously 

added the input load and displacement signals, outputting the integrated 

result, the work signal. Also incorporated within the integrator circuitry 

were the power supplies for the load cell and displacement measuring LVDT. 

pore 

TEST MACHINE 

SkJNAL 
GENERATOR 

INTEGRA TOO 

BUDD 
BRIDGE 

lvtlt 

pore 

OVH-1 

OVH-2 

X-Y PLOTTER-1 

CHART 

RECORDER 

X-Y PLOTTER- 2 

FIG. 1 A schematic diagram of the equipment layout. 

The LVDT was mounted on the testing frame as shown in Figure 2. Its 

mounting position enabled it to record the relative displacements of the sand 

sample and the surrounding triaxial cell. This measurement was precisely 

the amount of axial deformation in the sample. 



FIG. 2 The equipment arrangeme nt in the Wykeham Farrance 

testing frame. 

A: Pore pressure transducer and measurement 

of volume change apparatus. 

B: LVDT device for measurement of sample 

deformation. 

C: Load cell. 

D: Pneumatic piston and air system for 

cyclic loading of sample. 
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A pressure transducer attached to the triaxial cell itself measured 

the pore pressure buildup within the sample during a test. A Budd bridge 

was used to convert the transducer output to a usable electronic signal. 

The various output signals were monitored on the digital voltmeters, 

Hewlett Packard X-Y plotters and a 2 channel Toa chart recorder. The chart 

recorder's function was to provide a continuous record of the load applied to 

the sample, and tne resulting pore pressure changes within that sample. 

7 

Two X-Y plotters were used. The first of these recorded a load versus deflect-

ion plot, whilst the second plotted pore pressure versus work input to the 

sample. The digital voltmeters were used only at the beginning of a test. 

Their recordings were used to obtain appropriate zero readings for the load 

cell and the LVDT. This process is described more fully later in this chapter. 

Test Material 

The sand tested throughout the laboratory program was a uniform beach 

sand known as New Brighton sand. Its grain size distribution curve can be 

seen in figure 3. Tests performed on the washed sand produced a maximum 

void ratio of 0.965, and a minimum value of 0.606. 

% Finer 100 
by 10055 

80 

40 

20 

0 

0·05 ()-1 0·5 1-0 
Porticle Size (mml 

SAND 

Fine I Medium I Coarse 

FIG. 3 The Grain Size Distribution Curve for New Brighton 

sand. This sand was used for all the samples tested. 
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Experimental Method 

Sample Preparation 

Considerable experimentation was required before a preparation procedure 

which resulted in samples of consistent density was found. The method finally 

adopted was as follows. 

A metal former was assembled on the. triaxial cell apparatus, surrounding 

a standard 1.5 inch rubber membrane. A porous stone was placed inside the 

former at the base end of the sample. Sand with a dry weight of 145 g was 

then poured into the water filled mould. The use of the water filled mould 

enabled the sand grains to settle gently, without developing a density gradient 

along the length of the sample. After the pouring was finished, the sample 

was tamped using a 15 mm diameter rod. Experience determined the number of 

tamps necessary to produce a desired sample density. The sample was next 

placed in a vacuum dessicator and de-aired under vacuum for a minimum of 5 

hours. It was found that such a period was sufficient to ensure that the 

sample was fully saturated. The absence of air bubbles being drawn from the 

sample was considered to be evidence of saturation. 

Following saturation, the top end of the sample was sealed around the 

loading piston, using three rubber rings. At this stage an initial suction 

was applied to the sample, to stiffen it slightly and provide some protection 

against disturbance during later handling. The metal former was then removed, 

and the sample diameter measured. Diameters were measured at three separate 

cross-sections using a travelling telescope device. Sightings were made to 

the outside edge of the rubber membrane confining the sample. Subtraction of 

twice an average membrane thickness resulted in the sample diameter, a result 

which was expected to be determined to better than 0.1 mm. At this stage, 

the sample height was also measured, using vernier calipers in the manner shown 

in figure 4. 

The complete triaxial cell was then assembled. Locking collars on the 

top of the cell ensured that the sample would not be disturbed by subsequent 

handling. A second measurement of the sample height was made after the cell 

was put together, to check that the assembly process had not shortened the 

sample. If a difference greater than 0.2 mm was found between the two height 

readings, the sample was assumed to have been disturbed, and any results from 

subsequent testing were not considered valid. 

was considered ready for testing. 

After this check the specimen 



Fig. 4(a) -Sand (145 g dry weight) 
is poured irto the water 
filled rubber membrane. 

Fig . 4( c ) - The triaxial cell is 
assembled, with the 
sample rigidly clamped . 

Fig. 4(b) - The saturated sample is 
clamped rigidly and its 
measurements recorded. 

Fig. 4(d) -Assembly of the c e ll is 
completed by the fixing 
of the locking collars. 

Fig. 4 - The sample prepar~tion procedure. 
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Test Procedure 

The prepared triaxial cell was first clamped into the testing frame. 

An initial 50 kPa confining pressure was applied, and the corresponding 

change in sample volume recorded. The volume. change was recorded using 
(21) 

the standard burette approach. This method required drainage of the 

sample, removing the initial suction applied during the preparation procedure. 

The cell pressure was increased in further 50 kPa stages until the desired 

test confining pressure was reached. 

was recorded. 

At each stage the sample volume change 
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After checking that all the monitoring equipment was correctly connected, 

the load cell was coupled to the triaxial cell piston. 

be a critical feature of the cell set up. 

This step proved to 

To seal the top of the triaxial cell against loss of internal confining 

pressure, the cell piston passed through a brass gland. To minimise the 

frictional losses of piston force within this gland, the alignment of the 

piston-load cell connection was made with great care. It was found that a 

0.1 mm variation of the piston from the vertical created significant frictional 

force. To avoid this problem, piston alignment was checked using two dial 

gauges, placed at right angles to each other, (Figure 5). Repeated tests, 

cyclically moving the piston shaft with no sample in the cell, refined the 

alignment technique to a degree where frictional effects could not be measured 

on any of the load records obtained in a test. 

Having correctly aligned and set up the cell, the next requirement was 

to organise the recording apparatus. As previously shown, (Figures 1 and 2) 

the major information gathering pieces of equipment were the load cell, LVDT 

and the pore pressure transducer. 

Before finally connecting the cell piston to the load cell, it was 

necessary to zero the output signal from the cell. This was done using a 

trim potentiometer in the integrator circuitry. Some creep was evident in 

the load cell signal initially, but a half hour warm up period ensured that 

this was reduced to a value of less than 0.01 N/min. 

The displacement LVDT was next set in a zero position. After the first 

series of tests it was noticed that the samples tended·to undergo greater 

extension than compression. Therefore, to best utilise the limited travel 



LOAD 
(N) 

so 

50 

FIG. 5 

FIG. 6 

A close-up view of the two dial gauges used to align 

the cell piston exactly with the load cell axis. 

The LVDT and load cell can also be seen. 

Compression 

A typical load trace as recorded on the chart recorder. 

The pattern is approximately sinusoidal. 
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of the LVDT the zero output signal of this device was biased 1 to 4 toward 

the compression side. This enabled sample axial extensions of up to 20 mm 

and compressions up to 5 mm to be recorded. 

Setting up the pore pressure transducer required little work. The 

Budd bridge was balanced before the first series of tests, and checked before 

each test. It did not need any alteration during the test program. 

12 

Generally, tests were started with the sample experiencing a compressive 

stroke. The magnitude of the stroke was controlled by the air pressure 

supplied to the pneumatic ram. Experience was used to decide on a suitable 

air pressure for each test. It was also possible to alter the wave shape of 

the loading pattern by choking the exhaust valves of the air piston. After 

several trial runs a load pattern resembling a sinusoidal wave was adopted, 

(Figure 6) . 

Tests were continued until the displacement LVDT exceeded its range of 

travel. At this point all measuring systems were switched off, and the tri­

axial cell removed from the testing frame. 

Because some of the sand was lost during the preparation procedure, 

the mass of sand sample actually tested was carefully recovered from within 

the rubber membrane. This sand was oven dried with the dry weight being used 

in all subsequent analysis of test results. In general, less than one percent 

(dry weight) of sand was lost during sample preparation, testing and recovery. 



RESULTS 

The test program involved 32 tests run at 3 different confining 

pressures. Most of the tests were run at 100 kPa confining pressure, 19 

records having been obtained from these tests. A further 7 tests were run 

at 150 kPa cell pressure, with 6 tests ru~ at 50 kPa confining pressure. 

Although 32 tests were run in total, some test results are suspect because 

of equipment and set up problems at the time of testing. In particular, the 

100 kPa cell pressure was used during the initial familiarisation period. 

As a consequence 5 of the tests run in this series experienced problems such 

as equipment not connected, earthing short circuits and poor pen performance. 

Ohe of the tests run at 150 kPa also showed evidence of poor electrical conn­

ections in the pore pressure lin~, resulting in a suspect pore pressure trace. 

The 50 kPa tests were the final series run. No obvious problems were experi­

enced during the testing of these samples. 

13 

It was evident from the traces produced during the cyclic triaxial tests 

that there were similarities in behaviour for samples with similar measured 

properties. A discussion of the features observed in one typical test follows. 

Test 6/12/80, Cell 1 

Figure 7 shows a typical chart recorder trace with a loading pattern 

starting with a small extension pulse. The majority of tests were started 

with a compressive stroke, but some samples experienced an initial extension 

cycle. It was characteristic of the test loading to find unequal extension 

and compression amplitudes. Unfortunately it proved impossible to exactly 

balance the cyclic loads with the loading system used. Counterweights to 

correct the unequal loads worked to a limited degree, but did not compensate 

sufficiently to fully balance the setup. It was also characteristic of the 

load trace to find a progressive increase in the force amplitude during the 

first four or five cycles. This was thought to be due to the slow buildup 

to the required pressure in the pneumatic system. 

The lower half of Figure 7 is the trace from the second channel of the 

chart recorder. This shows the pore pressure response to the applied loading 

pattern. As can be seen, each load stroke causes a corresponding change in 

the pore pressure within the sample. Compressive strokes increase the pore 

pressure whilst extension strokes have the opposite effect. In general the 
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FIG. 7 
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FIG. 8 

Compression 

Typical test results for the traces obtained from the 

chart recorder. The top trace is the loading pattern 

for the test 1 whilst the bottom trace represents the 

pore pressure response of the sample. 

Tension 

Compressioo 

0 0-5 1·5 
OEFffiMATION (mml 

(Ex ten$ ion) 

The load versus deflection trace from the typical test. 
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increases due to compression were of greater magnitude than the decreases due 

to extension, resulting in a nett increase in pore pressure over the duration 

of one complete load cycle. The pore pressure builds up until some limiting 

value is reached, and the sample liquefies. 

The definition of failure (or liquefaction) of a sample was arbitrarily 

based o~ the pore pressure response. This feature was considered to be 

relevant because it pictorially traced one of the known properties of the 

mechanism of liquefaction. Failure was considered to have occurred in the 

first cycle which showed a sudden decrease followed by a more sudden increase 

in the pore pressure response to a compressive stroke, (see Figure 7). 

Figure 8-illustrates the force versus deformation response for this 

typical test. It can be seen that the initial load cycles cause little 

deformation of the sample. As the cycles continue and the load reaches its 

constant value, the .sample begins to deform, extending in length. The rate 

of extension increases as the loading continues, indicating a softening of 

the sample structure before its liquefaction. The slope of the line A-B for 

each of the hysterisis loops also portrays the sample softening effect. 

Initially the loops are upright with an almost infinite slope. As the test 

proceeds the loops increase in size and the slope decreases. If this slope 

is considered as a measure of the stiffness of the sample, the progressive 

slope decrease is indicative of a softening of the sample. 

The area under the force deflection plot is a measure of the .work input 

to the sample. As discussed earlier, a continuous trace of this work input 

was provided by the electronic integrator specially constructed for the test 

program. The pore pressure response was plotted against the work output 

provided by the integrator, as shown in Figure 9. The shape of this plot 

15 

appeared to be characteristic for all tests run at similar confining pressures. 

The pore pressure buildup under the applied loading is apparent in this trace. 

Also apparent is the buildup of work input to the sample over the test duration. 

Some work recovery is evident in the sample response, but the overall effect 

is an increasing energy dissipation per cycle,again reflecting the softening 

of the sample. 



FIG. 9 A representation of a typical pore pressure versus work 

trace as recorded during a test. 



RESULTS 

Test results were analysed in two stages. The first stage was to 

express the experimental data in a form typical of that used by other resear-

h 
(7 ,16,18,19,20) . h . f . c ers. Stage two involved reduc1ng t e 1n ormat1on from the 

tests in an attempt to investigate the relationship between pore pressure 

buildup and dissipated energy. 

Stage 1 of Analysis 

Typically, liquefaction results have been written up using a dimension­

less stress ratio plotted against the logarithm of the number of cycles to 

failure. 

program. 

Figure 10 is such a plot for the data obtained during the test 

The stress ratio used was that defined by Silver et al (l6 ) , 

SR = 
F + F 

c e 
4 a A 

c c 

where F and represent the applied compression and extension loads, a 
c c 

denotes. the cell confining pressure and A is the consolidated area of the 
c 

sample. 

(1) 
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In their paper, Silver et al suggested that samples of similar relative 

densities should be on a line of the form shown in Figure 11. It was further 

suggested by Mulilis et al (l9 ) that denser specimens should show a similar 

trend, but at greater values of the stress ratio for a similar number of cycles 

to failure, (Figure 12). Comparison of these results with Figure 10 reveals 

that the trend described by the writers is apparent. It is also clear how-

ever, that there is considerable scatter in the results and an average effect 

only exists. 

Figure 11. 

The scatter in Figure 10 is not excessive relative to that in 

Stage 2 of Analysis 

Theory Development. 

The theory being tested related the total work input to a sample at a 

given number of cycles to the pore pressure within the sample at that cycle. 
(13) 

The work of Davis and Mullenger suggests that the increase in pore pressure, 

6u, during a loading stroke, (either extension or compression) with peak 
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FIG. 12 An illustration of the effect of sample density on the 

stress ratio for a series of experimental results. 

(after Mulilis et al (lg)). 

deviatoric stress q, is given by, 

(2) 

Here p
1 

represents the mean effective stress at the beginning of the cycle, 

p denotes the critical state mean stress (for example see Schofield and 
c 

h ( 22) ) ( ) . f Wrot and M = M p represents the fa1lure stress or the sample. 
0 c 

The 

corresponding work dissipated during the cycle, ~W, is given by, 

2 

)] (3) 

where ~ = ~(p) is the shear modulus of the sand. By treating the finite 
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differences of u and W in (2) and (3) as approximate differential equations, 

the two equations may be combined to yield the following differential equation, 



du 
dW 

(ac - u- pc) [l-exp(q~/2M2 )] 

~: ~{ _ ,~1/M) 2J- lq~n 
(4) 

Here the mean effective stress p
1 

has been replaced by a -u. . c It is important 

to note that the differential equation is an approximate expression only for 

the average or middle response of u versus W. In (4), q
1 

and ac are constants 

which can be measured directly. M and p are also constants which need to be 
c 

determined if the above expression is to be integrated. To obtain values for 
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M and p , equation (2) and the pore pressure time history were used. 
c 

Equation 

(2) can be rewritten as, 

lm 

where B 

and A 

B(A+u) 

2 2 
exp(q

1
/2M ) - 1 

P - a 
c c 

(5) 

(6) 

(7) 

If it is assumed that the chart recorder moves with constant velocity v, and we 

' let L be the length of chart used in tracing a single cycle, then the time 
c 

for one cycle is, 

i'lt L /v 
c 

Combining (5) and (8) gives, 

du 
dt B (A+u) [Zc] 

Rewriting (9) and integrating, 

fu du B It v dt -
0 A+u L 0 

c 

Hence, 

ln (A~u] BL 
L 

c 

in which L represents the total length of chart traced out in time t. 

Now L/L 
c 

N , the number of stress reversals in time t. 
c 

ln [A~u] BN 
c 

Thus, 

( 8) 

(9) 

(10) 

(11) 

( 12) 



If U is the pore pressure after N stress reversals, then, 
Nc c 

u 
Nc 

A [exp (BN ) -1] c , 
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(13) 

By fitting (13) to the recorded pore pressure trace, A and B can be determined. 

Equations (6) and (7) then enable values for p and M to be found. 
c 

In. deriving this solution, it has been assumed that u = 0 when t = 0. 

A further two points on the measured trace must be used to solve (13) for A 

and B. 

Having determined A and B (and hence p and M), equation (4) can be 
c 

integrated to give the predicted mean u versus W response for different funct-

ional forms of the shear modulus ~ = ~(p). 

expression for ~ will be used 

(F - u)/a 

The following simple linear 

where F is the measured pore pressure at failure and a is a constant. 

Letting. 

gives ~ 

0 - F 
c 

(p - f:.0)/a 

(14) 

( 15) 

(16) 

Equation (14) is at best a first order approximation for the shear modulus of 

any sand. Its simplicity is an advantage however, and, as will be shown below, 

it appears sufficient to describe the experimental data fairly well. 

uting (16) in (4) gives, 

where 

du 
dW 

c 

2 2 
(0 -u-p ) (1-exp (q

1
/2M ) ) 

c c 

C (F-u) (0 -u-p ) 
c c 

ln 

Substit-

(17) 

(18) 

Now since the mean effective stress p equals 0c-u, we have dp 

(17) can be written, 

-du, and 



dp c (p-lio) (pe-p) dW 

Integrating this equation gives, 

-1 ln[ p -p o -llo l c c w 
C(p -llo) p-lio 

X 
P -o 

c c c 

Equation (20) gives the predicted u versus W response for the values of p 
c 

and M determined from the pore pressure time history. 

TYpical Fitting of Results 

Because of time limitations only 5 of the 32 records from the test 

(19) 

(20) 

program were completely reduced for comparison with the theory. Two tests 

run at each of 150 kPa and 100 kPa and one test at 50 kPa confining pressure 

were used in the comparison. A detailed development of the analys.is of one 

of the tests follows. 

Analysis of Test 6/12/80, Cell 1 

In Chapter 3 the experimental results collected for this particular 

test were discussed. Figures 7, 8 and 9 presented the recorded responses 

of this sample. 

The first step in the analysis of the test results was to find values 

for the constants A and B, as introduced in equations (6) and (7). To obtain 

these values, the pore pressure trace (Figure 7) was used. Fitting equation 

(13) to the measured pore pressure record requires the determination of the 

values of the pore pressure at two points. As the pore pressure within the 

sample is constantly changing in response to the applied load, it is necessary 

to decide on what is to be called the pore pressure value at any nominated 

cycle. As the theory discussed earlier applies only at zero load, the pore 
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pressure value for any single load stroke (either one tension or one compression 

pulse) was determined at the point where the load pattern for that stroke 

returned to the zero load line. The pore pressure value for one complete 

cycle (one tension and one compression pulse) was determined by averaging the 

values measured for each stroke of that cycle. 

For the test being analysed, the following results were obtained, 

A = 160.644 kPa and B = 0.026. 



A summary of the fitting procedure and the fitted exponential curve is pre-

sented in Figure 13. The fitted pore pressure response, equation (13), was 

then plotted on the experimental u versus W trace to give the average response 

for this curve, (Figure 14) . Note that the dashed line in this figure does 

not represent the theoretical u versus W response given by equation (20). 

Instead, the values of the average pore pressure at the end of each loading 

. cycle have been plotted for the corresponding cycle number. 

Having determined the constants, A and B, it is now possible to use 

equation (20) to calculate the predicted pore pressure - work response. 

From equations (6) and (7) we find that, 

p = 260.6 kPa, M = 157.02 kPa. 
c 

The constant C defined by equation (18) becomes, 

C -0.0031/a. 

The experimentally measured mean pore pressure at failure is, 

F 70.5 kPa. 

Thus from equation (20) we have, 

w 1.3959 a ln (o.4389 (
160

"
644 

+ u) ) 70.5 + u 
(21) 

This equation still contains one undetermined parameter, the value of a. 

The value of a reflects the shear compliance of the sample during testing. 

In general, theoretical u versus W plots were made for various values of a, 

as indicated in Figure 15. The close agreement between the theoretical and 

measured responses, particularly for the value of a = 0.034 is evident in 

this plot. 

of Test Results 

The procedure described above was carried out on the other four tests 

analysed. Figure 16 provides a summary of the theoretical and actual results 

for these four tests. Once again the theoretical responses appear to closely 

represent the measured responses. 

The remaining 27 test records were analysed to determine the general 

trend of all results. Exponential curves, equation (13), were fitted, where 

possible, to the measured pore pressure traces, and a summary plot (Figure 17) 

drawn up for each of the confining pressures used. An average theoretical 

line from one of the analysed tests is also presented to indicate the degree 

of agreement between theory and the determined experimental results. 
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FIG. 14 

A typical exper~mental pore pressure trace fitted with 

an exponential curve. 
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0·1 02 
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The pore pressure versus work plot for a typical test, 

fitted with an average curve. 

24 

1 
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FIG. 15 

Discus 

(}1 0·2 WORK (Joules) 

A comparison of the theoretical pore pressure versus 

work relationship with the result recorded during a 

typical test. 

The comparison of experimental and predicted results ind{cates that 

some progress has been made in deriving a theory for the mechanism of lique-

faction. Not all of the experimental records collected were used in carrying 

out this comparison, however. It was not possible to fit the exponential 
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curve (equation (13)) through the pore pressure traces from 9 of the 32 tests. 

Although this appears to be a high proportion of the total number of tests 

conducted, there are several explanations for the particular behaviour recorded 

in these tests. 

In two of the tests, problems were experienced with the pore pressure 

transducer. Electrical noise from water in the connections caused results 

which eliminates these two tests from consideration. However as the other 

pieces of recording equipment operated satisfactorily, the results could still 

be considered in the stage one analysis. 

In three of the remaining seven tests, failure occurred within the 

first ten cycles. The gradual buildup of load,characteristic of the loading 

apparatus used 1 is particularly evident throughout the duration of these tests. 

As a result, the sample is subjected to a non-uniform extension and compression 

loading. The unequal loading correspondingly affects the pore pressure 

buildup, giving a response which was not exponential with time. 
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Sununary presentation of the theoretical and recorded 

pore pressure versus work traces for four analysed tests. 
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The remaining four tests which were not considered in the stage 2 

analysis were all of greater than 50 cycles in duration, and run at cell 

pressures of 100 or 150 kPa. At these high confining pressures, some leak­

age of pore water was evident. This leakage was particularly apparent in 

cell number 3 • It is considered to be more than coincidence that cell 3 was 

used in five of the nine invalid tests. Any such leakage within the pore 

water pressure measuring system effectively drains the sample, leaking some 

of the pressure that would otherwise be recorded as pore water pressure build-

up. This leakage becomes more significant in longer duration tests. The 

leakage is also accelerated by the higher confining pressures acting on the 

sample in these tests. Consequently the pore water response to the applied 

loading is not exponential with time and does not fit the pattern predicted 

in equation (13) . 

Because of the low confining pressure, 50 kPa tests were more easily 

controlled. It is interesting to note that the exponential pore pressure 

fit (equation (17)) was possible in all tests at this confining pressure. 
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The agreement between the two point fitted trace, and the actual recorded 

response is almost exact throughout the test duration for all six 50 kPa tests. 

Certainly., this series being the last attempted, and also the repair of the 

leakage problems discussed earlier contributed to the apparent consistency of 

response exhibited in these tests. 

It was expected, before testing began, that the failure pore pressure 

would be approximately the same magnitude as the cell confining pressure. 

During testing it was discovered that in fact the samples failed at pore 

pressures 10-20% less than anticipated. The value of the failure pore press-

ure was consistent within ±5% for all tests run at the same nominal confining 

pressure. This consistency indicates that, within acceptable tolerances, 

sample properties and testing conditions were similar. However, as the 

failure pore pressures were somewhat lower than expected it is possible that 

the actual confining pressure in the cell was lower than the gauged value. 

Samples tested at 50 kPa confining pressure failed at higher relative pore 

pressures than those tested at 100 and 150 kPa. This further supports the 

idea of the difficulty in adequately managing higher cell confining pressures 

with the equipment used. 



It was not of major concern that lower confining pressures than nomin-

ated may have been used in the testing program. The theory being investi-

gated was related to the magnitude of the failure pore pressure and not the 

confining pressure. Consequently, provided the confining pressures were 

consistently above or below a nominated value, the test results recorded were 

adequate for the stage _2 analysis. 

1'1:r-: L!BRARY 
y (Jf ·,;,JTi.:nnur~y 

CHKISTCHURCH, 1'-l.Z. 
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CONCLUSIONS 

The particular procedure developed for the test program was effective 

in enabling the production and cyclic triaxial testing of sand samples of 

consistent properties and exhibiting consistent experimental behaviour. It 

was found to be important that samples be prepared with as little disturbance 

as possible, if the desired consistency of properties was to be achieved. 

The care and attention this required was characteristic of that necessary 

during all stages of the test procedure. In particular, it was critical 

that the alignment of the triaxial cell piston and the pneumatic loading ram 

be established to within very small tolerances. The test program further 

showed the feasibility of continuous digital integration of the ram force and 

sample deformation to yield the work done on the sample throughout the test. 

The analysis of the experimental results to investigate the pore 

pressure to work relationship of a sample revealed a close agreement between 

the experimentally measured results and the response predicted by the simple 

theory outlined in Chapter 4. 

Recommendations for Further Work 

The work carried out in the investigation was·exploratory in nature. 

The apparent agreement between the predicted and recorded results is indic-

ative of the need for more detailed research along similar lines. This work 

would have the aim of establishing the relationship between pore pressure 

buildup, confining pressure and the dissipated energy, for all sands. Such 

a relationship could be used to replace the equivalent number of cycles ideas 
(10) 

developed by Seed et al and enable the prediction of the pore pressure 

response to a given energy input for a sand at a known confining pressure. 
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