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ABSTRACT: Drained and undrained cyclic triaxial tests on fly ash are carried out

{ INTRODUCTION

The model for liquefaction mechanism presented by
G.R. Martin and W.D.L. Finn et al (1975) has shown
that an important relationship exists between the
yndrained pore pressure Increments :nd the poten-
tial volumetrical strain increments under cyclic load-
ing. However, the property of successive yielding of
granular materials and the influence of effective stress
path are not taken into account in this model. On the
other hand, in the model presented by K. Ishihara et
al (1975), residual pore pressure increments were de-
termined by the effective stress paths in static tests,
but the relevant effects of residual pore pressure, po-
tential volume change and dynamic effective stress
path were not investigated. The present study is in-
tended to combine the three dominant factors into a
compatible relationship, and to get some fundamen-
tal understanding of the process of pore pressure in-
crease under cyclic loading. It should be pointed out
that all the studies and conclusions presented here
are based on the experimental data o1 fly ash which
18 not as common a cohesionless granular material as
sand, but is somewhat similar to silt.

2 TEST MATERIAL

Test material used is fly ash from Jiang-you Power
Plant,. Jiang-you fly ash has a grain size ranging
from 0.006 to 0.8 mm, median grain size 0.45 mm,
coefficient of uniformity C, = 5.5, specific gravity G,
- }-975, maximum void ratio 2.29, minimum void
ratio 0.705, and static effective strength C' = 0.0,
and ¢' = 35.7° with relative density 53.5%.

| Draiﬂed volume Char?ges and undrained POre pressure increase
nder cyclic triaxi '
cor fly ash u y axial loading

Unfvgrj'l-ty QfS(‘IEHCEJ an-d T(:.'C}Iﬂ-ﬂlﬂgﬁ Lstfchim”} Pgopler S RE[}HJH

Jition. An empirical model for soil volume changes
_esults of drained tests. Then, a unified pore pressure model is f
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18 proposed. It is proved that the model can well predict

ormed by combining the rational aspects
new model is shown effective in predicting
lic triaxial loading.

3 VOLUME CHANGES IN DRAINED CYCLIC TRIAX-
IAL TESTS

Drained cyclic triaxial tests are carried out on an
electro-magnetically controlled cyclic triaxial appa-
ratus. A specially designed volume pickup is used
in order to monitor the dynamic volume changes of
specimens.

Jiang-you fly ash with relative density from 50-58%
18 tested in drained isotropical consolidation condi-
tion under cyclic triaxial loading, with the ambient
pressure o3¢ = 0.5, 1.0, 1.5, 2.0, ard 3.0 kg/cmz,
respectively. The coefficient of pore pressure, B =

0.97-0.98. The dry density difference between every
two samples under the same all-round pressure prior
to applying cyclic loads is less than 0.01 kg / cm”. A
typical oscillogram record is illustrated in Fig. 1.

The relationship between the plastic volumetric
strain increment (Av) and the numbe- of cycles (N),
with approximately equal dynamic stress ratio but
different all-round pressures is illustrated in Figs. 2
(a) and (b). The total amount of plastic volumetric
strain versus the dynamic stress ratio for the num-
bers of cycles 3 and 20, respectively, is shown in Figs.
3 (a) and (b).

The above figures show that:

1. The largest plastic volumetric strain increment
‘s caused in the first cycle in laboratory tests. The
volumetric strain increments in subsec aent cycles be-
come gradually smaller.

9 Plastic volumetric strains are not signiﬁcany{y
affected by the confining pressure. " ‘hey are cyclic
stress ratio dependent. ‘

In addition, in Fig. 2, the application of cyclic stress
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strain occurs either during

phenomenon contradicts that exhibis atio
fly ash 1n static loading tests E_d hf*"fiali_gk,_j
swelling is prominent when t . Jo

large. It can therefore be stated that_h “faim

4. The dilatancy of Jiang-yoy fly ash

loading is much different from that
monotonic loading. -
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postulates can be made in ord
of volume change model]

1. Plastic volumetric strains are
namic stress ratio.

=, .Plastic volumetric strain exists in either o
pression range or tension range, designateg *w
and Avr, respectively, and the two 1,art ae ad
pendent of each other. Therefore théE togai a'-*
of plastic volumetric strain in a c;cle 1S given "

Avy = Ave + Avr

3. The characteristics of strains under cyclic loading
can b.e better expressed by a nonlinear elasto-viscols
Plastic mode] as shown in Fig. 4. The total amo
of strain can be obtained from:
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. :-fAuence of frequency is not taken into ac-
frequency change from 1/s to 2 Hz produces
U L nce on the volume change (Youd, 1972).
b @ the above postulates, the increments of

-~ PaE L hetric strain in either compression or ten-

: ~ versus the number of cycles are analysed

~gion "0 ¢he help of experiments, an empirical vol-

-t " nodel for evaluating the increments of
WW _otric strain is proposed:
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parameters

pasam  and can be expressed empirically as fol-
A
K= ﬁlﬁf (3)
| 26(E
K7 = aq tan ——E}%—f (4)
Aty

Ky € (0,017).

" wh'i ch, R =04 /osc is dynamic stress ratio a}1d A,
By, 01, 02 and ¢ are model parameters depending on
the properties of materials. | |
In the proposed model, the plastic volumetric strain
ds only on the number of cycles and
the dynamic stress ratio. Therefore, it is possible to
determine all the parameters from test data of one
set, of specimens in cyclic drained triaxial tests Wlt}l
the same all-round pressure. The plastic volumetric
strain increments in the first and the second cycle are
read out from the oscillogram for each specimen with
different dynamic stress ratio. Then the following

relationship can be derived from Eq. (2):
e

Aul = \/KI
2K,

Vo + 4K,

~ Designating Avy/Avg by ¢,

Avg =

9
B
i Ky = Avy VK (6)
. E? Nbﬂtltutmg different values of Avy al.'}d Avz
- inkg. (ﬁ)’ the values of K; and Kz for different

 rewritten as follows.

-#=(5)

9, o TR K
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. ic stress ratios can be calculated. Equation

(3a)

Then K is plotted as a function of R as shown in
Fig. (5). When R — oo, f1 = Kimin. From kEq. (3a)
values of #,, its mathematical expectation B, and
root mean square deviation og, can be obtained for
different dynamic stress ratios. The value of 8 18 now
slightly increased or decreased and the same steps
repeated until the minimum value of 75, 18 reached.
Then the values of B; and 2 in the last step are
taken as the model parameters.

To determine the other parameters, K, is plotted
as a function of R as shown in Fig. 5(b). When
R — 00, K3maz 18 obtained. From Eq. (4), we have

K‘Zmz
] —
.

(7)

Then, a value can be read off from the curve K; ~ R
corresponding to Kamaez/%, and designated by Hpn.
Again, from Eq (4), we get

(8)

A value is chosen arbitrarily for £ with £ € (0,1).
The curve represented by Eq. (4) is plotted next.
The selected value of £ is now increased or decreased
till the curve coincides well with the experimental
curve. This value of £ is taken as the model param-

eter.

Figure 5 shows the curves of K, versus g4/0sc and

K, versus o4/0sc for Jiang-you fly ash. The model
parameters determined in accordance with the above

method are as follows,
By 03,8, = 108, gy = 5.73 X 1072, o
0.46, £ = 0.35.

az = Rm

———
Bl

e

0 .. D5 Tl O3¢
(a)

Fig. 5 Determination of parameters. | .
The relationships between plastic volumetric strsm
‘ncrement, Av, and the number of cycles, N, fc;rl y:
namic stress ratio, 04/03c = 0.466 and 0.?13 ca ::d
lated on the basis of proposed z-nodel are ﬂlu:zated
in Figs. 2 (a) and (b), respectively. The pr : e:am
curves of v versus 4/0sc for N = 3 and 20 cyc

o illustrated in Figs. 3 (a : :
e redicted curves with the corresponding €Xx

perimehta.l data is very satisfactory. i
Figure 6 shows the comparison between ull -

culated curve v ~ N with Ky = 9.39 and K3 =

438 x 1073 and the experimental data from a speci- -
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- 2 The agreement

m".
men with K. = 1. 080 = 1.0 kg/c
is again very good.

In the authors’ opini.on,
tial plastic volumetric st

le. a residual pore pressul “
l:S:lI:IT u;?a to maintain the total volume of the samp

' lelds
unchanged. During liquefactl?n, the sam;::}l}:a ;'Ille:i 5
intermittently along the effective stress pa

corresponding potential plastic volumetric st:l']am 1:‘:-1-
crement is caused. This increment can be chang

into the equivalent amount of residual pore preSS’flI'e
by using the model by G.R. Martin an'd W.D.L. Finn
(1975). In the next cycle, the sample 1s reloaded and
yields again along the effective stress path from the
stress state set up at the end of the previous cycle,
accompanied by the build up of an additional plas-
tic volumetric strain increment. Of course, in the
process, additional residual pore pressure is certainly
produced. This process continues till the sample is

liquefied.

Figure 7 illustrates the convention of the unified
pore pressure increase model. Because of the inde-
pendence of yielding in compression and tension, the
Processes from point 1 to 2 and from point 6 to 7
all correspond to initial loading. The loading pro-
c;ss prior to the effective stress path’s reaching the
phase transformation line is separated into tw
One is res 1s) ' Ay

ponsible for the reloading vol ' '
such as those from po; t 8 -
pomt 8 to 9 and from point 11 te

e increment must be
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Fig. 7 Conception of the unified p,
crease model. R

be straight lines originating from the ;
. ) 4

L]%-j'}.-l r-;if I..;‘_

coordinates, (¢,s8) as shown in Fig. 7 Ty O i
can be expressed by: © €quatyy,

where, K; is the slope of the yielding locys whit -

set up at the end of the 1** half cycle Also
¥ T
2 s L 04
where, S1 is the effective confining pressure at the

end of th?, i** half cycle. a + sign is taken when
compression, and a — sign when in tension

The maximum or minimum value of K equals th
slope of the phase transformation line in compressio:
or teflsion, respectively (£ K, ). For loose or mediur
den?‘ty, we can take K, = sing', where ¢'is
static effective internal friction angle of the material

4.2 The reloading dynamic stress ratic and the it
dynamic stress ratio

f‘ar uniform cyclic loading, the current y elding ;:

us that the effective stress path is to surpas - tthf

‘th

; half C}’Clﬂ (in compresaion Or m 1-Hi,f.nsi{)_[]) 18 t

ocus set up at the end of the (1 - Z)th halfhcffu
: £ the

;};?: ‘epu.ateﬂ the dynamic shear s!ress © I
cycle into two parts, Arp. and ATy 4




increment caused by reloading dy-
h m smaller, Arp, and Ar},

#‘ Arn. and Ary, espectively as
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“ g, in ‘which the straight line AB repre-

path with the angle of slope,
A half cycle,

h

(10)

— ATR; (11)

Mﬁ:(n—ﬁ)(OK = 0; and
l) Koz Koo = - 5 . S ArR, and Ary;
&ynumc shear stress and the initial
' Therefore the

hﬂu

‘o4 — 2ATR;
S; + ATR;

(13)

43 Dynamic shear stress in the unloading processes

- W in whlch the eﬂ'ectwe

By, 12 : E Thl dynamic nhmr stress in a
 Baif cycle hp ﬁ % case, separated into two parts.
Une is the g shear stress, Arp;. The other
3t represents t nami Mutrmwhwhcam

where S, is the effective confining pressure at the
point at which the unloading process starts.

4.4 Increments of plastic volumetric strain

The plastic volumetric strain increment, Av;, for any
half cycle consists of two parts,

Av; = Avg; + Avy; (15)

where, Avg; and Avy; are the reloading volumetric
strain increment and the initial volumetric strain in-
crement, respectively, for the i** half cycle. They are
calculated from Eq. (2) by substituting the appro-
priate number of cycles and the corresponding dy-

namic stress ratio from Eq. (12) or Eq. (13). When
| Kp._, |> Kp,, Avy; represents the plastic volumet-
ric strain increment during the unloading process for
the #** half cycle. It is obtained by substituting the
value of N, which is the number of times that the
effective stress path intersects the same phase trans-
formation line in compression or in tension, and the

dynamic stress ratio obtained from E¢. (14) into Eq

(2).

4.5 Increment of pore water pressure

The increment of residual pore pressure in the e

half cycle can be expressed by,

Au; = K,Av; (16)

where K, is a transfer factor. It has the same signif-
icance as the one-dimensional resilient bulk modulus
E, (Martin et al, 1975).

4.6 Criterion of liquefaction
The residual pore pressure being eqial to the all-

round prmure is adopted as the liquefaction crite-
rion.

4.7 Elastic pore pressure increment
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the dvnamic shear stress ratios W
ple toyliquefy is plotted against. the numbefr (;lf cg;:f:
in Fig. 9. It is shown that the influence ol all=I

pressure on the relationship is not significant fc:% thi1:
type of fly ash. Therefore, the transfer factor, ;re
Eq (16) can be normalized by the all-round pre;: t.
Thus, K, can be determined from only one set of tests
with the same all-round pressure. This procedure 18

illustrated below by the set of tests of Jiang-you fly

2
ash with the all-round pressure 03¢ = 0.5 kg/cm”.

The residual pore pressure increment in ea.c‘h cycle,
AUy, is calculated first for different dyna.nfnc stre'f:
ratios. The pore water pressure increment 1n the

:
half cycle in Eq. (26) can be approximately expressed
as follows.

When 1 is odd,

Av;_3
Au; = ———— AU 17
i Avi—1 + Avi—g " ( o)
Au,-+1 — AUN — Aty (175)

When (1 - 2) < 0, Au; = AU, ana Auy
and N takes the integer value of i /2.
When all the values of Au, are obtained from a set

of tests, the proposed pore pressure increase model
can be used to determine the potential volumetric

sAtrain increment of every cycle, Avy. Then, the ratio
Un/Avy can be obtained to represent the transfer

factor K, . Finally, the relationship between K r/o3c

FAU;

= 0.5 kg/cm’. The scattering of
considered £o be due to the OFiginal p.. 'O §
simplified calculation. None th, 1{%% ec Ordi, K
can be expressed in the fonﬁwmg};fﬁ; j he W N
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where, Rru/JSC: b; and n are Parar
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oI, Bl

ro
gscC

S 100, b — 94] n — ():
- 0.5
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Fig. 11 Prediction of the pore press: -a ;
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wi = o ure 12 shows an effective stress path

. :4*-: & __ the proposed model during the pro-
,s% ®  action, i which the elastic dynamic pore

§f e o kenas +04/3. Figure 12(b) is an exam-
= tual sample’s effective stress path. In all

values compare very well with
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oo e atady reported in this paper, some impor-
B sions can be drawn. They are summarized

S andrained cyclic triaxial tests on fly ash
i oo out under isotropical consolidation con-
By analysing the drained test data, the fol-
- - <tics of volume changes under cychic

| Mi- ] loa d;. ing are obtained:

l For ¢ ‘ granular mater-als such as fly
' ' .. volumetric strain increment is defi-
during any reloading process with the
ic loading, even though the drained

.

" 5 [ cyclic loading tests of reversing direction, the
~ dilatancy phenomenon is much different from that n

: Anmml model for evaluating he plastic vol-

 dicted values proves the effectiveness of the model
- Further, through an analysis of cyclic undrained

tests on saturated specimens of fly ash and with the
help of the study of the volume changes, a unified
~ pore pressure increase model is suggested. The model
el m the rational aspects of the two models pro-
- posed respectively by G.R. Martin, W.D.L. Finn et
s duﬂ by K. Ishihara et al. It is shown that the
~ processes and the onset of liquefaction for fly ash
MMI consolidation conditions with the
lication of uniform cyclic loading can be well pre-

. 1f pressure increase

characteristics:

3. The fact that the residual pore nressure incre-
ments are also generated during the v nloading pro-
cesses after the effective stress path has reached the
phase transformation line and thereaiter turns its di-
rection is taken into account empirica ly.

The present study attempts to illutrate another
method of investigating the complicated process of
liquefaction. Much more sophisticated and detailed
work is needed to make the ideas in this paper more
reliable and practical.
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