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RECOMPRESSION OF NORMALLY CONSOLIDATED CLAY
AFTER CYCLIC LOADING
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ABSTRACT

Cyclic loading may cause settlements in addition to the settlements due to static loads.
“This paper presents a study of recompression settlements occurring in normally consolidated
.clay when pore pressure generated by undrained cyclic loading dissipates. The study was
based on 18 stress-controlled cyclic direct simple shear tests and 6 conventional consolidation
‘tests on normally consolidated Drammen clay. The specimens were subjected to either one or
several series of undrained cyclic loading and drainage. Afterwards, most of the specimens
were consolidated further to a vertical stress three times the effective stress at start of cycl-
ing. .

The study showed that undrained cyclic loading and drainage makes normally consolidated
«<lay more resistant to later undrained cyclic loading.

The recompression index was influenced by cyclic loading, and for normally consolidated
Drammen clay the settlements occurring when the cyclically induced pore pressure dissipates,
may be calculated by a recompression index which is 1.5 times the recompression index from
a conventional consolidation test. '

The compression index of specimens which where subjected to undrained cyclic loading and
then consolidated past the initial consolidation stresses decreases with increasing cyclically
induced pore pressure and increasing cyclic shear strain at the end of cycling.

normally consolidated clay, repeated load, simple shear test(IGC :
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jected to earthquakes (e. g. Zeevaert, 1972 ;

INTRODUCTION Ohmachi et al. 1988), offshore platforms sub-

Cyclic loading may cause settlements in
addition to the settlements occurring under
static loads. Examples of case histories where
cyclic loading causes additional settlements
include buildings and other structures sub-

jected to sea storms (e. g. Eide and Ander-
sen, 1984), foundation ssubjected to machine
vibrations, and road pavements subjectde to
traffic loads (Yamanouchi and Yasuhara, 1975).

Cyclic loading tends to cause volume reduc-
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tion in the soil beneath a structure. If the
excess pore water pressure cannot dissipate
fast enough for the volume reduction to
occur, a pore water pressure is generated.
For structures on clay the cyclic loading
event may have a relatively short duration
compared to the time needed for the pore
water pressure to dissipate. The conditions
will then be undrained during the cyclic load-
ing event, and excess pore pressures will
be generated, leading to reduced effective
stresses. The reduction in effective stresses
together with a local redistribution of static
stresses due to cyclic loading, may lead to
increased shear strains and settlements of the
structure during the undrained period.

During calmer periods between cyclic load-
ing events, the generated pore pressure may
get time to dissipate, and the effective
stresses increase again. The volume reduction
that tended to occur originally will then
take place, and additional settlements result.

The cyclic loading and the corresponding
unloading and reloading of effective stresses
may also change the clay structure and influ-
ence the behaviour of the clay during later
cyclic loading events.

The settlements that occur under undrained
conditions are discussed by Eide and Ander-
sen (1984), and by Andersen (1988). This
paper concentrates on the following as-
pects : :

a) The effect of undrained cyclic loading
and drainage on behaviour during later un-
drained cyclic loading.

b) Settlements due to volumetric compres-
sion when the cyclically generated pore pres-
sure dissipates.

¢) The effect of cyclic loading on settle-
ments due to volumetric compression during
consolidation past the effective stresses at the
start of cyclic loading.

The study was based on stress-controlled
direct simple shear (DSS) laboratory tests on
saturated undisturbed normally consolidated
clay. In some of the tests the specimens were
subjected to undrained cyclic loading, dis-
sipation of the generated pore pressure, and
subsequent consolidation past the initial ef-

fective stress. Other tests were run as ordi-
nary consolidation tests to provide a reference
to evaluate the effect of cyclic loading on the
consolidation characteristics.

Cyclic DSS tests on clays followed by drain-
age have previously been carried out by
Andersen et al. (1976), Suzuki (1984) and
Ohara and Matsuda (1988). The last two
studies used strain controlled conditions.

EXPERIMENTAL PROGRAMME

The tests were run on undisturbed plastic
Drammen clay because a large number of cy-
clic tests have been carried out on this clay
previously (Andersen et al., 1980, 1988).
Average index properties are : natural water
content w,=>52%, liquid limit w;=55%, plas-
ticity index I,=27, and specific gravity G;
=2.76. The tests in the present study were
run with the NGI DSS apparatus (Bjerrum
and Landva, 1966). The specimens were cir-
cular with an area of 35 cm? and an initial
height of 16 mm. The area of the specimen
was kept constant by a wire-reinforced rub-
ber membrane which constrained deforma-
tions in the radial direction. At the top and
bottom of the specimen filter plates equipped
with approximately 1 mm plong needles pre-
vented sliding between the specimen and the
filters. The filter and the drainage tubes.
wers saturated with water with a salinity of
25 g NaCllitre, corresponding to the average
in-situ salinity of the pore water of
Drammen clay. Cyclic loading was applied as.
a cyclic horizontal shear stress, 7,, at the top
of the specimen. The cyclic load was sinu-
soidal with 10 s period. Undrained condi-
tions were simulated by keeping the volume
of the specimen constant. As it could be
assumed that the area of the sample did not.
change, constant volume was maintained by
automatically adjusting the vertical effective
stress, ¢'», on the sample to keep the sam-
ple height constant., The wvertical effective
stress was measured, and the stress paths of
static and cyclic DSS tests in a 7,—0¢'v dia-
gram could be established ‘as illustrated in
Fig.1. The pore pressure generated by static
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The static tests were run strain-controlled

with approximately 4.5% shear strain per

r— Aau ‘—" hour.
' /\ /\ /\ In the cyclic tests the specimens were sub-
> jected to either one or five consecutive series
S, V V V VG o, of undrained cyclic loading and drainage. The

Fig. 1. Effective stress paths and pore pres- duration of the drainage period was in gen-

sures in DSS tests under constant veol-
ume condition Table 1. Testing conditions of DSS tests

. . . with undrained cyclic loading and
or cyclic loading can be derived from : drainage on normally consolidated

— 14 /
du=0,'—0, (1) Drammen clay
where ¢,/ =initial vertical effective stress

A . Test Goe’ Thyey N
o,/ =current vertical effective stress No. (kPa) (kPa) Thyey/Tsf (cycles)
The specimens are believed to be fully o1l 392 46 0.52 706
saturated, but since the tests are run as con- 2-12 ” ” ” 135
. . . 2-13 ” v ” 750
stant volume testcs, full saturation is not crit 2192 , , , 1. 000
ical for the quality of the test results. 2-14 ” ” ” 1,270
The validity of wusing constant volume 2-15 ” ” ” 313
g . . - 2-16 ” 37 0.44 500
conditions to simulate undramed. conditions 17 , 2 0,50 500
in DSS tests on normally consolidated clays 2-18 235 27 0.53 650
has been shown by Dyvik et al. (1987). 2-19 196- 41 0.96 7
Th 1 t 1 220 . 392 45 0.52 2,000
e pore pressure will vary continuously 901 S , . 74
during cyclic loading. This paper concentra- 3% ” 39 0.47 1,000
tes on the permanent pore pressure, which 3-3* ” 34 0.41 2,100
. h he horizontal 4-2(B) ” 56 0.65 500
is the pore pressure when the horizonta £30B) L, 2 0.50 500
shear stress passes through zero. 4-4%(B) ” 56 0.65 300
The specimens were consolidated in several 4-6(B) ” 49 0.58 461
increments past their in situ preconsolidation * undrained static test is carried out after drainage
) ey s (B) denotes type-B test
stress (P ¢ 125 kPa) to a norn:_lally consoli 7ss is maximum horizontal shear stress in undrained
dated state at a vertical effective stress of static test
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Fig. 3. Schematical illustration of e-log o’
relations in oedometer tests and in
cyclic DSS tests followed by drainage
(Type A)

eral about 60 min. Afthrwards, most of the
specimens were consolidated in increments to
a vertical effective stress three times the effec-
tive stress at start of cyclic loading (392
kPa). The tests were denoted Type A (one
series) and Type B (five series). The load-
ing sequence for the Type B tests is illus-
trated in Fig.2. The effective stress variations
and the volumetric deformations in the two
types of cyclic DSS tests with drainage are
illustrated schematically in Figs 3 (b) and 4
(b). The testing conditions for the wvarious
etsts are specified in Table 1.

The consolidation tests were alsc run in

NCL a) Compression, swelling
and recompression
{Conventional consolidation}

G'V O'VC' cv'
e NCL b) Cyclic DSS test
with drainage
(Type B)

Fig. 4. Schematical illustration of e-log
o, relations in oedometer tests and
in cyclic DSS tests followed by drain
age (Type B)

the DSS apparatus, but without applying
any horizontal shear stresses. The purpose
was to provide data to compare the consoli-
dation characteristics of specimens with and
without cyclic loading. In some of the con-
solidation tests the specimens were subjected
to one unloading/reloading sequence from a
vertical effective stress of 392 kPa to com-
pare with the Type A cyclic tests (Fig.3).
In other consolidation tests the ' specimens.
were subjected to five unloading/reloading
sequences to compare with the Type B cyclic
tests (Fig.4). ’
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BEHAVIOUR DURING UNDRAINED CY-
CLIC LOADING

Typical results of the undrained cyclic
part of the Type A tests are shown in Fig.
5. The results from the first series of un-
drained cyclic loading from the Type B tests
are also included. Both the cyclic shear
strain (single amplitude) and the pore pres-
sure increase with increasing number of load
cycles. The increase in cyclic shear strain is
relatively modest in the early part of the
tests, but after a certain number of cycles,
the cyclic shear strains begin to accelerate
and large strains develop in the course of a
relatively few additional cycles. The tests
were generally stopped at a cyclic shear
strain of 3%. If additional cycles had been

a)
e
p ~ ~TestNo. 4-2 .44

£ g ,
[ i~ Test No. 4-2 o, (kPa) 392 392
. . %, (kPa) 56 56
—~Test No. 4-4 1, It 065 0.5

Normalized excess pore pressure, Au/

100 200 300 400 500

Number of load cycles, N

- 7754 I'.b)

3} Test No. 4-2 4-4
h— Test No. 4-2 o, (kP2) 392 392
L _ <, (kPa}) 56 56
|~Test No. 4-4 Ty e 065 065
2 o
e

- Y

Cyclic shear strain, y,, (%)

o 100 200 300 400 500
Number of load cycles, N

Fig. 6. Results from tesfs with several
series of undrained cyeclic leading and
drainage (Type B)

applied, both the cyclic shear strain and the
pore pressure would have increased further.

Typical results of the cyclic part of two
Type B tests are shown in Fig.6. The cyclic
horizontal shear stress, 7,,, was 56 kPa in
both tests, corresponding to 65% of the hor-
izontal shear stress at failure in undrained
static tests.

Test 4-2 was run by applying five series
of undrained cyclic loading with drainage
after each series. The cyclic shear strain
increased rapidly during the ilrst series of
cyclic loading. After 45 cycles the cyclic
shear strain was 3%, and a cyclic failure
was about to develop. The cycling was there-
fore stopped to avoid a complete failure,
and drainage was permitted. The generated
pore pressure after 45 cycles was about 310
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£ ., Bnefor 1 hour load Yoy =052% | solidated clays (Andersen et al., 1976;
g ’ increments Yasuhara and Andersen, 1989), where cyclic
o . . .
= 11 2530 kP - loading accompanied by drainage made the
Au= ) - . . .
; Atime = 24 hours specimens less resistant to later undrained
o - . .
cyclic loading.
08l (a) - The results from a second test, Test 4-4,
, : are also presented in Fig.6. In this test the
! . . . .
°‘81 10 102 100 Tot third period contained 300 cycles without
Effective vertical stress, o', (kPa) drainage. Another difference between the
) L. . two tests was the duration of the drainage
Fig. 7. e-log o, relations in Type A cyclic iod which .
DSS tests period which was longer in Test 4-4 (about

kPa, corresponding to 799% of the initial
vertical effective stress.

In the following series of undrained cyclic
loading both the cyclic shear strains and the
generated pore pressure were smaller that in
the first series. One hundred cycles could be
applied without reaching a cyclic shear strain
of 3%, and at the end of the fifth series the
cyclic shear strain was only 0.259%; and the
generated pore pressure only 20% of the
initial vertical effective stress. The results of
Test 4-2 show that cyclic loading accompa-
nied by drainage makes normally consoli-
dated clay more resistant to later undrained
cyclic loading. This tendency was also obser-
ved in cyclic triaxial tests on remoulded
Kaolinite clay by Matsui et al. (1977). The
opposite effect has been observed in overcon-

24 hours) that in Test 4-2 (about 60 min-
utes). The different drainage periods do not
seem to influence the behaviour significantly,
and the results of Test 4-4 confirm the con-
clusions drawn from Test 4-2,

POST-CYCLIC RECOMPRESSION

The pore pressure generated during un-
drained cyclic loading causes a reduction in
the effective stresses in the clay. This corre-
sponds to going from point A to point B in
Fig.3(b). With time, drainage occurs, and
the excess pore pressure dissipates. The effec-
tive stresses increase again, and the clay
will follow a reloading curve from point B
to point C. At point C the effective stress
has reached the same value as before start
of cyclic loading.

The path BC has similarities with the re-
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DSS test Fig. 10. e-log o, relation in consolidation
test with five series of unloading and
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compression branch in a conventional oedo-
meter test in which the specimens are sub-
jected to compression, swelling and recom- 01 - —
. e e s . . - from 5 tests with one swellin
pression. This is illustrated in Fig.3 for the - ° r;oc'gmpf:ssbn (e.9. Fig. 8) 9
Type A tests and in Fig.4 for the Type B 0.05F o from one test with 5 swelling /
tests. It therefore seems reasonable to inves- i recompression (Fig. 10) o
tigate whether conventional oedometer tests c i
with swelling and recompression can be used Gee)
to predict the settlements due to cyclic load-
. 001 - i C, l6",0\0-260
ing. otk 1+ec=°'°1?2'€07,j
The e-log o, paths for two of the Type - ‘
A cyclic tests are shown in Fig.7. The 0.005 |
cyclic shear stress has been the same in the ) v 4 4y gaatl e

two tests, but the number of cycles has
been different.

Five consolidation tests with compression,
swelling and recompression were performed.
The e-log ¢, path for one of the tests is
shown in Fig.8. This test was unloaded from
392 kPa to 9.8 kPa and reloaded to 1, 175 kPa.
The four other consolidation tests were unlo-
aded to 39. 2, 98, 196, and 295kPa, respectively.

The e-log o, path for one of the Type B
cyclic tests is shown in Fig.9. The cyclic
shear strain and the pore pressure generation
during the five undrained cyclic parts of this
test were presented in Fig.6. In Fig.6 it
was shown that the pore pressure generated
by cyclic loading became smaller for each
series of cyclic loading. This can also be
seen in Fig.9.

-

2 3 5 10 20 30 50 102

S've

C'y

Fig. 11. Recompression index from
consolidation tests

A consolidation test with several series of
swelling and recompression was also perform-
ed to provide comparison with the Type B
cyclic test. The result from this consolida-
tion test is shown in Fig.10. It was attempt-
ed to follow the vertical effective stresses
measured in the cyclic DSS test in Fig.9 to
enable a direct comparison between the two
types of tests.

The recompression index, C,, from the
consolidation tests is shown in Fig.1ll. e, is
the void ratio at start of unloading. C, is
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calculated as the secant value from point B
to point C in Figs.3(a) and 4 (a). The
recompression index increases with increasing
magnitude of unloading, i. e. with increasing
value of the ratio o, /o, . There is a tend-
ency for the C,-value to be slightly smaller
in the consolidation test with 5 series of
swelling and recompression than in ‘the 5
tests with one series of swelling and recom-
pression in each test. '

The recompression volumetric strains in
the cyclic DSS tests were calculated by :

Epr= e = o 10g<_d_v_t’:l_>
1+e, 1l+e Oy

e 1
~Tte, 'l°g<1—4u/am'> (2

where ¢, is the void ratio at start of cyclic
loading, 4du is the pore pressure due to un-
drained cyclic loading and C, is the recom-
pression index from oedometer tests in Fig.
11, determined for the value of ¢,/s, cor-
responding to the values of 1/(1—4u/o,)
observed in the cyclic DSS tests.

The recompression volumetric strains cal-
culated using C, from the average line
drawn in Fig.1l, are compared to the meas-
ured values for the Type A cyclic DSS
tests in Fig.12. The calculated recompression
strains are smaller than measured. There is
some scatter in the measurements, but reason-
able agreement between calculated and meas-
ured recompression strains is obtained by
multiplying C, by a factor «.

Thus, instead of Eq. (2), we have:

__ G 1
Eorct = 1+e. 10g<1_du/gvcl ) (3)

For Drammen clay we adopt the value of
a=1.5 which was determined from a regres-
sion analysis of the results in Fig.13. The
reason why the C, from the consolidation
tests must be corrected by a factor «, may
be because the cyclic loading not only
generates an excess pore pressure in the
clay, but that it also disturbes the clay struc-
ture.

Since recompression volumetric strain due
to dissipation of cyclically induced pore
pressures is considered to be influenced by
shear strains as well as cyclically

cyclic
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recompression volumetric strains as
function of cyclic shear strain

induced pore pressures, the ratio of observed
to calculated volumetric strains is plotted
versus cyclic shear strain in Fig. 14. The
results in Fig.14 indicate that the ratio of
(o) on/ (Eur)ear 18 almost constant 1.5 inde-
pendent of the amplitude of cyclic shear
strain. ‘

Tests similar to the Type A tests have
been performed by Ohara and Matsuda (1988)
on reconstituted Kaolinite., They interpreted
their tests with an expression similar to Eg.
(2), but used an index Cy,,, instead of the
recompression index C,. They found that
the numerical value of Cgy, was between the
swelling index, C;, and the virgin compres-
sion index, C,, from conventional cedometer
tests. They did not, however, compare Cyyp,
to the recompression index, C,, which is
believed to be more relevant since the dis-
sipation of the cyclically induced pore pres-
sure is a reloading situation.

The recompression volumetric strains for
the Type B tests with several series of un-
drained cyclic loading and drainage are pre-
sented in Fig.15. The recompression volume-
tric strains during each series of undrained
cyclic loading and drainage can also be cal-
culated from Eq. (2) with a recompression
index of 1.5-C,, independant of whether the
clay has been subjected to undrained cyclic

0 o 0.5 1.0

2 ]
Pore pressure ratio, Au/C,

Fig. 15>. Comparison between observed and
calculated volumetric strain wusing
recompression index C,. (Test Type B)

loading and drainage previously.

When the clay is subjected to several se-
ries of undrained cyclic loading and drainage,
the result from the Type B cyclic DSS tests
in Fig.9 shows however, that the recom-
pression volumetric strains will accumulate
and the settlements for each series should be
added to get the total recompression volume-
tric settlement. This is an important differ-
ence from conventional consolidation tests
with several series of swelling and recom-
pression. The result from the consolidation
test in Fig.10 shows that in the consolidation
test, swelling occurs during the unloading
part of each series of swelling and recom-
pression. This will reduce the accumulated
settlements compared to cyclic tests where
the unloading occurs under undrained con-
ditions and no swelling occurs.

COMPRESSIBILITY DURING CONSOLI-
DATION PAST THE INITIAL CONSOLI-
DATION RTRESSES

After the pore pressure due to cyclic load-
ing had dissipated, in most of the cyclic
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Fig. 16. Definition of compression index
after cyclic loading C,', for consolidation
past the initial effective stress

DSS tests the specimens were consolidated
to stresses higher that the stresses at start
of cyclic loading. This was done to investi-
gate the effect of cyclic loading on the com-
pressibility for vertical loading past the in-
itial effective stresses.

In the consolidation test in which the spec-
imens had not been subjected to cyclic
loading (Fig. 8), the recompression curve
approached and joined the virgin compression
line relatively soon after the vertical stresses
passed the vertical stress prior to unloading.
In specimens which have been subjected to
cyclic loading, however, the recompression
curve approaches the virgin compression
curve much slower (Fig.7). This is very
similar to stress-compressibility characteristics

Fig. 17. Compression index ratio as a funec-
tion of cyclically induced pore pres-
sure
10} o

o}
& - A,
=, - .
%)
g 0.8~ o o m
3 o n
£
§ os} ©
[77]
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5 A
£ Legend
3 O OCR=1
041 A OCR=4
4 @ OCR=10
1 ! I ! I 1 !
0 2 4 6 8
Cyclic shear strain, y,, (%)

Fig. 18. Compression index ratio as a

function of cyclic shear strain

of undisturbed clay undergoing disturbance
due to remoulding (Schmertmann, 1956).
The results from the two tests in Fig.7 also
indicate that the recompression line appro-
aches the virgin compression line slower the
higher the cyclically induced pore pressure
has been. Similar behaviour was observed by
Ohara and Matsuda (1988) in strain-control-
led cyclic DSS tests on reconstituted

NI | -El ectronic Library Service




The Japanese Geotechnical Society

CYCLIC-INDUCED SETTLEMENT 93

Kaolinite.

A more systematic interpretation of the
effect of cyclic loading on the compressibility
of Drammen clay for loading past the effec-
tive stresses at start of cyclic loading is
presented in Figs.17 and 18. These figures
show the ratio between the compression
index after cyclic loading, C,, and the
compression index in tests without cyclic
loading, C,. The wvalue of C, depends on
how far beyond o, the specimen is loaded.
To have a well defined value of C,” to work
with, it was decided to use a value of C/
determined from the secant between point C
at o, and point D at 3.0, (Fig.16). C, is
the virgin compression index in the same
stress range. In specific practical cases, one
should keep in mind that the use of the
secant value of C, from o,/ to 3.0,/ may
overestimate the settlements if the actual
loading stops at an effective stress lower
than 3.0, .

The ratio C,'/C, is plotted as a function
of the pore pressure generated by cyclic
loading in Fig.17, and as a function of the
cyclic shear strain at the end of cyclic load-
ing in Fig.18. The results from some tests
on overconsolidated Drammen clay (Yasuhara
and Andersen, 1989) are also included as
reference.

The results in Figs.17 and 18 clearly show
that the compressibility for consolidation
past the effective stresses at start of cyclic
loading is influenced by cyclic loading.

The ratio of the compression indices, C,'/
C,, decreases with increasing pore pressure
(Fig.17). There is a correlation between the
cyclically induced pore pressure and the
cyclic shear strain at the end of cyclic load-
ing. It is therefore logical that C,/C, de-
creases with increasing cyclic shear strain too

(Fig. 18).

CONCLUSIONS

1. Undrained cyclic loading and drainage
may make normally consolidated clay more
resistant to later undrained cyclic loading.

2. Recompression settlements occur when

cyclically induced pore pressures dissipate.
The recompression index is influenced by the
cyclic loading, and for normally consolidated
Drammen clay the recompression settlements
may be calculated by using a recompression
index which is 1.5 times the recompression
index from a conventional consolidation
test. If the clay is subjected to several series
of undrained cyclic loading and drainage,
the total recompression settlements are the
sum of the recompression settlements for all
the series of undrained cyclic loading and
drainage. This is different from a conven-
tional consolidation test with several series of
unloading and reloading, because swelling
occurs during unloading in a conventional
consolidation test. Due to this swelling, the
total settlement will in a conventional con-
solidation test be smaller than the sum of
the recompression settlements for the various
reloading series.

3. The compression index for consolida-
tion past the initial consolidation stresses is
influenced by cyclic loading. The compres-
sion index decreases with increasing values of
the cyclically induced pore pressure and with
increasing values of the cyclic shear strain
at the end of cyclic loading.
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