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ABSTRACT: Effects of strain rate on undrained shear behavwbgeabed Holocene clay at Kobe airport site vesimined in a series of
triaxial compression and extension tests perforasdg different rate of axial straining. A comparatcompression test in which the strain
rate was changed in steps was also carried ouilaBitests were performed in constant-volume digkatar box (DSB) test. It was found
that the undrained strength increased with incngashear rate and increasing consolidation petigmtach properties seemed a key to
govern the undrained shear behaviour. The behadaunrbe described such that the stress-strain mespas well as the development of
excess pore pressures was uniquely related toxtakesarain rate, for which softer and more contirag response was examined when the
rate of axial strain decreased, and vice versh@sxial strain rate increased. In this paperpe tf Isotach stress-strain response of the

clay, together with the development of drained pr&teain with time was successfully simulated byiyedeveloped models.

1. INTRODUCTION

Strain rate effects are significant for undrainbeéas behaviour of
clay (for example, Bjerrum, 1972, Vaid et al, 19Gfaham et al,
1983, Oshima et al, 1991, Di Benedetto et al, 198f[& undrained
shear strength, for instance, increases with tteénstate and also
with the sustained consolidation period prior tadmained shear.
Moreover, the stress-strain behaviour of a widecspm of

geomaterials may be characterized with Isotach ept@s (see,
Tatsuoka et al, 1999). In engineering practices thus important
to take account of such rate effects when applyireg undrained
strength from laboratory tests to in-situ probleswch as the
embankment on soft ground. It is widely recognitteat the strain
rate is a prevailing factor to govern the stressistand strength
response of clay when subjected to undrained stgeérlanzawa et
al, 1981). The concept of Isotach properties of iklie, 1969) is
then useful for describing such rate effects bytylaing that the
current stress is uniquely related to the curreetcoverable strain
as well as the strain rate (for example, see Tats@o al, 1999, Di

Benedetto et al, 2002).

In this paper, the shear rate effects of Holocdag tom Kobe
airport site (see Fujiwara et al, 2008) were thghdy examined in
the laboratory.Also, the stress-strain relationship from the pseud
elastic region involved with the order of strainfs00001% to the
post-peak up to axial strain of 15% was success$ihulated by an
Isotach model. The development of creep strain witie under
constant vertical stress was also simulated byrhael.

2. MOTHODOLOGY

Fig. 1 shows the triaxial apparatus (for detaite Shibuya et al,
2001). In this apparatus, the specimen having ithee &f 50mm in

diameter and 100mm in height is subjected to cddestidn and

shear in a fully automated manner. Figure 2 sholes DSB

apparatus developed at Kobe University. Like thexial apparatus,
the vertical as well as the horizontal displacenénhe disk-shaped
specimen with 60mm in diameter and 40mm in heigint each be
controlled by using a digital servo-motor (Shibeyal., 2005).

Table 1 Conditions of undrained triaxial test.

Kp - '”ittia' Consolidation conditions Shearing ~ Creep-strain-rate
ID (m (k ;\{,;m3) (kﬁ'g) Cvgﬁtﬁﬁt 0o Consolidation time rate Agy value
(%) (kPa) (min) (%/min) (x10" %/min)

KTACL 235 16.04 180 558 1629(3.11) 1.683 0.95
KTAEL 255 1550 163 55. 2264(9.71) 2.385 0.96
KTAC2 325 16.60 162 535 , 1520(11.41) 7.070 0.95
KTAE2 265 1717 172 575 2732(7.50) 2.018 0.96
KTAC3 355 1651 181 520 . 1426(2.9%) 0.02 7.717 0.95
KTAE3 255 1611 163  53.8 2662(4.41) 1.951 0.97
KTACA 345 16.29 175 54.1 2620(15.7t) 2.600 0.98
KTAC5 345 1629 175 53.3 10122(58.41) 1.494 0.95
KTAE5S 355 16.37 181 549 400 10082(18.91) 3.528 0.95
KTAC6 385 16.02 198 555 is(ﬁtr;;_ 2406(4.81) 0.1 2.283 0.97
KTAC7 395 1615 198 565 .o 2702(5.4¢) 1 3.333 0.95
KTAE6 245 1642 182 592 2408(4.81) 0.1 2.657 0.96
KTAE7 245 16.37 182 596 2439(4.91) 1 3.403 0.97
KTiICL 335 1621 168  55.7 1520(7.6%) 0.02 1.326 0.95
KTiC2 265 16.04 167  56.6 1455(7.31) 0.1 4.411 0.97
KTc3 273 1621 171 513 ,40to 1453(8.71) 1 3.442 0.95
KTEL 335 16.39 168  52.3 é'iscgl[;f)' 1522(4.6t) 0.02 8.127 0.95
KTIE2 285 1629 175 53.0 1443(3.31) 0.1 5.268 0.96
KTIES 285 16.09 175 53.9 1545(3.11) 1 3.376 0.95
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Table 2 Conditions of constant-volume direct sheeetests.

Initial Consolidation Shear
D KP vy, Oy,  Water : condmon_ _ speed
(-m) e (kPa) content g, Consolidation (mmirmin)
(%)  (kPa)  time(min)
KD1 285 1589 174 55.0 200 1433(61t)
KD2 265 16.18 172 55.7 400 1486(23t) 0.1
KD3 285 16.33 174 526 500 1483(32t)
KD4 245 16.02 182 574 1606(27t)
KD5 295 16.05 172 554 4321(72t)
KD6 29.5 1583 172 56.8 400 10083(151t)
KD7 29.3 16.64 174 48.0 39894(198t)
KD8 255 1592 163 55.6 1457(22t) 1

(D:direct drive motor for lateral loading (2):drive init for lateral
loading (3):direct drive motor for vertical loading @:drive unit for
vertical loading (5):serial correspondence board (6):slide unit
(T):linear roller way ®):shear box @):outer box @0:load cell for
lateral loading (0:load cell for vertical loading (12:strain amplifier
i3:AD transformation board 14):personal computer

Figure 2 Direct shear box apparatus employed.

KTAC1
IKTAE7 A

| @) ]
L | s S N
[@]

{® pb—

L=
(1) Digital servo motor 8) Regulator {5 A/D board
(2) Load cell 9) Air pressure (8 Terminal
DPT for Volume change 0 Electric-air converter (7 Driver box
@) PT for back pressure 1) D/A board (8 RS232C
(5) Pore water pressure meter 12) Perspex cylinder (19 vacuum pump
(8) PT for cell pressure 13 Water tank @) Computer

(7) Burette (twin pipe type)

i4) Strain amplifier

@D Vacuum pressure

n. b. PT : Pressure Transducer
DPT: Differential Pressure Transducer

Figure 1 Triaxial apparatus employed.

Constant-volume conditions can be readily achieyedhhintaining
the vertical movement zero during the shear. Théice load is
measured at the bottom of the lower shear box,yimglthat the
vertical stress is free from any frictions betweka soil specimen
and the shear box wall (refer to Shibuya et al,7)9m all the tests
performed in this study, the clearance betweerupper and lower
shear boxes was maintained constant at 0.2mm.

The clay samples were retrieved from Holocene depos

underneath Kobe airport (Fujiwara et al, 2008) sing a fixed-
piston thin-wall sampler.

The fully saturated natural specimens were eackdimated to
the prescribed stress, and it was sheared undeainad conditions
in triaxial test and constant-volume (i.e., undeaih conditions in
DSB test, respectively.

Tables 1 and 2 show the details of the triaxial 8&8B tests
performed, respectively. It should be mentioned tin@ end of
primary consolidation was judged based on the 3hauk (JGS,
1979). However, in some tests, the consolidatiaiogdevas longer
than the standard in order to examine the effettsonsolidation
period.
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Figure 4 Variation of void ratio, e, with time duy consolidation
as examined in triaxial tests.
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3.  TEST RESULTS Figure 7 Undrained effective stress paths of esef triaxial tests

using the axial strain rate of 0.02 %/min
Figs. 4 and 5 show the variation of void ratpwith time during

consolidation as examined in triaxial and DSB testspectively.

The stress-strain relationship of a series of ialatests using the 200 e - - ,
axial strain rate of 0.02 %/min is shown in Figlhe undrained Shear sPeed'O'1mm/m'"A ¢ =34° )
effective stress paths are shown in Fig.7, in wiiehdeviator stress, //
q, is plotted against the mean effective strpss, — KD1 e
The results of the constant-volume DSB tests aresstio Fig.8, = 150 [ — KD2 ——— /_
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4. COMPARISONS AND DISCUSSIONS

- : 400 . :
4.1 Effectsof consolidation period Strain rate=0.02%/min
Figs. 9 and 10 show the results of triaxial testsfqymed using
different consolidation period. The consolidatiome: effects were a9
more significant in compression tests in such thatpeak strength -
increased with the consolidation period. The trevay be attributed o 200
to the creep-strain-rate effect during the anigotraonsolidation =
(see Table 1), which considerably expanded thetielasgion on -
compression side. § e

The effect of consolidation period on the undraiseéar (i.e., =
peak) strength§,, is examined in Fig.11. Noting that the ratio &f e 0f
to the consolidation stress,, increased with the consolidation time, %
totar NOrmalized using the time to reach the end of arm S

P PP @ -100 ) KTAC2 ]
consolidationts, the consolidation time effect may be expressed in 5 KTAE2
the following; ——— KTAC4
-200 | ! weeess KTACS ]
S S sesess KTAES
(2 (=)
ch total t3! ch ty (1) -300 I
0 100 200 300 400

where them. denotes a non-dimensional coefficient regarding the Average of Effective Stress, p'(kPa)
consolidation time effect o1%,,0;..

The effects of consolidation period in the DSB & shown in Figure 10 Undrained effective stress paths ofi@sef triaxial
Figs.12 and 13. it was observed that ®g%,. increased with tests using different consolidation periods.
increasing consolidation period.
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constant-volume DSB test

4.2  Shear rate effects

Figs. 14 and 15 show the results of a series akiai compression
and extension tests using different, but fixed,akdtrain rate.
Similar results in DSB test are shown in Fig.16.s&en in Fig.17,
the §, 0, increases with increasing strain rate (or shesplatement
rate). Thus, based on the regression analysis ubimglate from
experimental results, the following equation isetletined to be the
best fit:

[j] —m ln(v,)+[j”]
ve Jvr ve )y, =1 2)

where V, represents the ratio of the current axial strate rin
triaxial test or the current shear displacemerg natDSB test to the
reference value of 1%/min or Imm/min, respectively.

4.3 |sotach behaviour

As seen in Figs.14 and 15, the axial strain rate alered in steps
between 0.02%/min and 1%/min in two triaxial tegtse in
compression and the other in extension). Isotadadieur was
obvious in that the stress-strain relationship el &s the undrained
effective stress path shifted swiftly to the relstvatress-strain and
stress path curves when the strain rate was chamgeteps at
0.02%/min, 0.1%/min and 1%/min.
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Figure 14 Stress-strain relationship of a serfégaxial tests using
different axial strain rates.
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Such Isotach behaviour was also observed in a DSBAs seen in

Fig.16, the shear stress-horizontal displaceméatisaship as well

as the effective stress path shifted swiftly to th&evant curves
when the shear rate was changed in steps at 0.02mm/
0.1mm/min and Imm/min.
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Figure 15 Undrained effective stress paths ofi@sef triaxial

tests using different axial strain rates.
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4.4 Comparison of undrained shear strength from different

tests ® KTAC2
B KTAC6
A comparison ofS, g, among triaxial compression and extensior A KTAC7

tests, direct shear test and unconfined compressginis shown in
Fig.18. In this figure, the results of other tests,, the unconfined
compression test using very fresh samples fromlkchecing and
the triaxial compression and extension tests ortrdpally

consolidated samples are also shown for comparison.

When the samples were consolidated to a commahe§, g,
value was larger in the order of triaxial compressiDSB and
triaxial extension tests. Th§, g, value of 0.35 from unconfined
compression test using fresh samples from checkdpqrovided
nearly the average of thig,q;. of these three tests, noting that the
S of 0.35 was employed as the design value for coctitg the

- 81298In(«, }+ 96558
e l— —

& 99708In(z, JF 89607
A

E,(MPa)

- 84117In(&, )+ 66235

0 2 4 6 8 10 12

sea-wall structure. Conversely, th&,cg,. from unconfined
compression test using old samples was about O22verage, Axial Strain (%)
suggesting a considerable reduction of soil suctidaring Figure 20 Relationship between Ee and axial sfain
transportation and storage. anisotropically consolidated specimens.
As stated earlier, th§, g, increased considerably as the shear
rate as well as the consolidation period increased.
b
5. SIMULATION OF UNDRAINED STRESS-STRAIN 0 = () F (X) [E‘EIJ
RELATIONSHIP £ 3)

The results of a series of triaxial compression extdnsion tests are where

shown in Fig.14 (a), in which the relationship beén the deviator &7 - the current irrecoverable strain rate,

stressg=c,-03 and the axial strain, is plotted. The undrained nax  Strength at peak,

effective stress paths in a plot of g versus theameffective f(x) : shape function, and

stress p'=(c1 +203)/3, are shown in Fig.15 (a). The samples were p ~ : an exponent.

all consolidated anisotropically by maintaining thencipal stress

ratio K (=0’4/c’;) fixed at 0.5. On reaching the prescribed vertical ] ]
consolidation stress of 400 kPa, the samples wabjested to The subscript “zero” means the reference valuedicafyte to
undrained shear by using different axial straie.rit tests KTAC-V  gnax @andé"” . An increment of irrecoverable strain duefip can be
and KTAE-V, the axial strain rate was altered iepst between obtained using

0.02%/min and 1%/min (for details, see Jung e2@08). It should

be stated that the stress-strain response exhiaitgge of Isotach

behaviour; i.e., the currerg was uniquely related to the current _ e ir

axial strain as well as the axial strain rate. imiesults of Ae =Ae” +Ae 4)
isotropically consolidated samples using K=1.0 sttewn in Figs.

14 (b) and 15 (b). In all the tests, cyclic loadirgy using an axial

strain amplitude of 0.005% were imposed at sevetages, by Conversely, an increment of elastic stral®, was obtained
which the variation of elastic stiffness during tiledrained shear from the elastic Young’s modulu&,, in a manner that

was examined, A basic equation for describing ttress-strain

relationship may be expressed in the following form
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¢ ()

Fig.19 shows an example have® was obtained from the stress-
strain relationship associated with the load-unlaadles. The
variation ofEg with strain is shown in Fig.20, in which the reswdf
three monotonic loading tests on the anisotropicatinsolidated
samples, each using a fixed axial strain rate #otiepl, together
with the fitted curves. Note that tHe, decreased gradually with
axial strain in all the tests. It should be mentidnthat the
accumulate¢"” was obtained by integratins" along theg-£ curve.

The shape functiof(x) is defined in terms of=¢"/s where &
denotes the axial strain of 15% at the end of unddashear. The
f(x) is shown in Figs.21 and 22, in which the increafsg from the
value at the start of undrained shes, divided by the initial mean
effective stressp’y, is plotted againsk for anisotropically and
isotropically consolidated specimens, respectivéifie function

takes the form of
2
X
In(]
05 A/

f(x) = -0.
(X) =aex 5

©)

where the symbolsx, B and x are fitting parameters. These
parameters indicated in Figs.21 and 22 were detemniafter
iteration process of fitting the observed datawdts found that the
exponentb in Eq (3) is not constant, but it varies withand the
variation pattern in compression tests was diffefleom that in
extension tests on isotropically consolidated spens. Two types
of fitting function were employed for B), these are;

B(x) =ae ™+ ye *+h

B

(7.a)

B(x) =aexp -

(7.b)
The results of fitting are shown in Figs.23 and Zdr
anisotropically and isotropically consolidated s#sprespectively.
Accordingly, the Isotach model proposed in thiseyap given by

¢ B(x)

q=po LF ) 0 —-
&

° (8)

A ~iry B(x)
q - pO Df(X) |1(8 ) (9)

The results of simulation are shown in Figs.25 2édin which
the behaviour of an anisotropically consolidatedcgmen subjected
to step-changes of axial strain rate was examinved the full and
small strain ranges, respectively. Similar examamtvas made for
the behaviour of an isotropically consolidated smea (Figs.27
and 28). It is successfully demonstrated that gwotakch behaviour
for the stress-strain relationship over a wide istreange from
0.001% to 15% was well simulated by using the pseglomodel.
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00 02 04 06 08 10

x=£"/¢g (g, =15%)

16 2
b) extension test
14}
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Figure 21 Shape function in the isotach model pseg
(anisotropically consolidated specimens).
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Figure 22 Shape function in the isotach model psepl
(isotropically consolidated specimens).
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Figure 25 Predicted versus measured relationstipden deviator

Figure 23 Exponent B(x) in the Isotach model prepbos stress and axial stain (full rangegfor anisotropically consolidated

(anisotropically consolidated specimens).
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Figure 26 Predicted versus measured relationstipden deviator
stress and axial staiz & 1% for anisotropically consolidated
specimens).

Figure 24 Exponent B(x) in the Isotach model psgub(
isotropically consolidated specimens).



Geotechnical Engineering Journal of the SEAGS & 8E&Vol. 42 No.4 December 2010 ISSN 0046-5828

400 P—— 6. PREDICTION OF DRAINED CREEP UNDER COSTANT
KTIC2(=0.1%/min) (=1%/min) VERTICAL STRESS
§ 300 | = P Ton s The res.ults.of a serie; of tr.iaxial compr.essioln exténsion test§ are
= \' AN - shown in Fig.14 (a), in which the relationship begén the deviator
umf KTIC1(=0.02%/min) stresg] = 6;-0z3and the axial strais, is plotted.
£ 200 KTIC-V Predicted Eq.(9) can be expressed in the following form;
w
5
= ® KTIct
= ® KTIC2 - -
E 100 ® KTIC3 In q= In pé) +In f(X) + B(X) In A(glr) (10)
@ KTIC-V
a) compression tests —— KTIC-V Predicted
0 : . : : - Accordingly,Aq is given by
(i} 2 4 6 8 10 12 14 16
Axial Strain (%)
0
b) extension tests ® KTIE! Ag = 7aq de” +—aq dée"
- ® KTIE2 agir aé-.ir
o ® KTIE3 (11)
2 -100 ® KTEV
; = KTIE-V Predicted
@&
S 00l KTIE1(=0.02%/mi) 1 df(x)/dx de"
b TIEV KTIE-V Predicte & (¥
<]
o . .
£ oo =14 1 B0y par g
a KTIE2(=0.1%/min) q| & OXx
KTIE3(=1%/min)
-400 L L L L L L L + B(X) dé.ir
0 2 -4 £ -8 -0 12 -14 16 £
Axial Strain (%) When considering drained creep witg=0, we obtain;
Figure 27 Predicted versus measured relationstipden deviator
stress and axial stain (full rangesdr isotropically consolidated dé‘ir
specimens). ir — _
de C —;
300 (12)
: KTIC-V__..
a) compression tests | e
E 250 | 7L et - —
i 200 [KTIC3(=1%/min) f """ : c = B(X) Le f
& TIC2(=0.1%/min) r df (X) / dx 6B(x) )
(0] o
2 50| ; KTIC(=0.029%/min) + InA(E")
& f(X) 0X
= _., (13)
& 100 ) ® KTIC wherec, represents the coefficient of creep.
5 KTIC-V Predicted : El’:gi
e sof ® KTICV Provided that; is unaffected by the strain rate, tyancreases
—KTIG:V Predicted monotonically with strain. At the commencement odep at t=0,
0 I L 1 - . age . . B
0.0 0.2 0.4 0.6 0.8 1.0 the initial strain rategr an be readily measured. Therefore, the
ni
Axial Strain (%) creep strain with the elapsed tind¢, is given by
0
b) extension tests ® KTIE2
5 o o Kier :
§ @ KTEV iro_ tEfilrr“
= 100 —2 KTIE1(=0.02%/min) | —— KTIE-V Predicted Ag" = C In C— +1 (14)
g : { KTIE2(=0.1%/min) r
2 asof l
o KTIES (=1 9%/min) ¥ The development of creep strain with time is shawhRig.29, in
% 200 | : which the data refers to the creep strain developmat
E _ consolidation stage of a triaxial sample underprescribed vertical
8 .g50 |- KTE-V Rredicted KTIE-V consolidation stress. The prediction using Eq.&e8ms satisfactory
as validated over a period of one day.
_300 i i i i

0.0 0.2 04 0.6 058 1.0 7. CONCLUSIONS

Axlal Strain £%) Rate as well as time effects were significant fodramed shear

. . . . . behaviour of Holocene clay at Kobe airport. TBgg,. value
Figure 28 Predicted versus measured relationgtipeen deviator increased with the shear rate as well as the calasion period as

stress and axial stalragl%_for |S())trop|cally consolidated examined in both triaxial and DSB tests. Isotachppriees were
specimens).
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Figure 29. Prediction of drained creep behaviour.

also observed in a manner that the stress-stritiarship as well
as the undrained stress path was uniquely relatttbtcurrent shear
rate. When the samples were consolidated to a con®naheS,, g,
value was larger in the order of triaxial compressiDSB and
triaxial extension tests. TheS,q,. value from unconfined
compression test using fresh samples from checkdpqrovided
nearly the average of tI8g,. of these three tests.

It is concluded that the Holocene clay exhibitddsb behaviour
based on the results of triaxial compression anegnsion tests.
Such a behaviour, which is verified by the experitakresults, was
successfully simulated by the model given in Eq.(8he
development of drained creep strain with time urnidercondition of
Ag=0 was also successfully predicted by using E{.(14
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