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Dynamic be limx 1our of tly ash under seismic
conditions of Eastern Canada

K.T. Law! and P A _ Chen"

ABSTRACT

I'he d)'n;lm‘wit\"h;wmur gt a fly ash was studied with particular reference 1o seismic ¢ round
’ o » YO Yy ’ . > e y . . . -
ail in eastern Canada. Resonant column tests, cyclic simple shear tests and cyclhic

and high frequencies have been conducted. T'he resonant column test measures
ar test shears the fly

motions thal prey
rrjaxial tests al both low
shear modulus and damping ratio of the fly ash. The cyclic simple she
direction that is realistic with the transmission of seismic shear wave in the held.
onsistent with the high frequency content of the
test results have been analyzed to study the
actical implications {rom

the initial
ash In a honzontal
The cyclic triaxial test at high frequency (10Hz) 1s ¢
.smic vibrations observed in this region. ‘The

el
deformational characteristics and liquefaction resistance of the fly ash. The pr

the study are also discussed.

i

INTRODUCTION

Large amount of tly ash is produced annually in Canada as a result of burning coal for power
generation. Some arc stockpiled in open yards while others are stored in ponds Or hauled to fill pits
from which the coal was mined. Some are utilized commercially in various ways {0 producc
cconomical and environmental benefits. One way 18 1o tum fly ash nto structural fill matenal (‘Tgth
ot al. 1988). When such fills and stockpiles of fly ash are located in earthquake zOncs, the potenual

of liquefaction and other problems associated with dynamic loading are of public concer.

mitted from the bedrock 1O the

are rans .
onditions

behaviour under seismic €
aring mode. In casier Canada,
ontent in the range of 10

ake. horizontal shear SUESSES
method for measuring so1l
imen under a horizontal she
significant high frequency ¢

During an ecarthqu
overlying soil strata. A good laboratory
‘herefore should involve testing soil SpeC
seismic ground mouons are found to contain a

student, respectively,
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il behaviour 11 this Irf_,:qua;:-”__:ﬁ :-

; ic ; Al on
unlCa[iOn)' Dyn(‘;lil;qin this range. Be ig
1989, persondl CIF' quipment 1© test S
, (Adams v ; - . | s
to 15 Hz (/\db‘; quse of the Jack © ‘he dynamic behaviour of fly ash. A -

' - 2t : MNan
ar modulus and damping ratio of the ,,,,

. 5 . 4 S c e . . - A 1;11{:,[-1;
This paper describes 4 ~asure the initial ] specimens in a horizontal direction K Al
[ ﬂ:["dcvicc was used 10 I:af; used 1O shear SO ic strength at a high frequency, Qe
column I&: y aratus we ure CYy
car app meas
ple sh .

ined e ash lagoon at the Ontario Hydro Nanticoke D0
A sample of fly ash was obtai | . i the range of 2.20 to 2.26. It was oven dric
station. The ash has a #2700 sieve. The resulting ash has g mean

v ln a 4 _ ‘ r .
morc than 24 hoursdb;fg:ér?;ﬁcilpof uniformity of 13.7. The ash was then mixed with 259, i,
size of 0.012mm an

to form specimens for the test prografi.

‘.H[:r
d o

generating

quipment used herein is one its kind in. the westcm world. It ysec -
cyclic loads sufﬁcienﬂyf large to fail test specimens at frequcncm
is equipment arc described by Law et ali(l991). Undrained cyclic
at 1 Hz and 10 Hz have been carried out.

The cyclic triaxial €

electro-magnetic dnve (O pfovide
as high as 20 Hz. The details of th

test isotropically consolidated [0 50 kPa

The Seiken cyclic simple shear device has' been used to impose honzontal shear to fly 4,
specimens. Compared with other devices, this device has a number of unusual features. Firstly, it
permits the application of both the cell pressure and the back pressure to ensure specimen saturaion
during the test. Secondly, it does not require a steel wire reinforced membrane to provide a zerg
horizontal strain to maintain the simple shear condition. Ordinary rubber membrane is acceptable
Thirdly, the cell pressure can be varied at will so that any consolidation stress system, either 1S0Lropic
or anisotropic, can be applied. For the present test series, undrained cyclic tests isotropically
consolidated to pressures of 50 kPa and 150 kPa, have been conducted. |

e _Thc Sl(?k()c resonant column test cell has been used to apply torsional vibrations 10 2
ﬁ);( éz Sc;Lsgccumeq configured to a fixed-free type column. The bottom end of the specimen is nigidly
ase while the top end is connected to a drive system for applying the torsional vibrations

The initial sh :
a strain ampleilii-dr:Oac:-:;])luunsdWO‘%O((;';3;3 m,;;:ca fmm' the measured shear wave velocity in the specimen al
decrement method. VJ1%. The damping ratio was obtained Dy means of the logarithmic

- The specimens were saturated first by passing




e

~anlicd. ThiS saturation procedure produced a pore pressure
J[w’II ] -1’ -{i i gr'-".':r-.*._ }:-;! sS5Ue 1_'_?.._'1'{':_!__!':_b,-_"':l;__",' HI' ‘L* ‘5 (Y UH Or ;1.1],.{.
During the undrained cyclic triaxial : -
- ..J'L'H- lata ac -yclic triaxial and simple shear tests, readings were taken with an IBM
AT compatidic ata acquisition system equipped with an integrated circuit board which provided
: e e : . 3w AR I N _ : | 1ALV il L L IR )ail Wy LR f,_..'r*i,'{nll.{‘_'_
up 10 { analoguc 10 digital channels for taking readings. The computer is programmed to tal P
S Lk e sivarerend fo e X S uter 1s programmed 1o lakc 1
readings p“f SC L'{.Hm [H..__i' channel for 1 Hz vibrations and one thousand readings per second per channel
..« 10 Hz vibrations. For a cycle in the cyclic triaxial test, therefore, 100 readings were taken of eact
| YOS N Sl LR L i . , kgt e akCil O1 Catll
of the €xcess pore pressure, vertical cyclic load and vertical displacement. Similarly, in the cyclic shear
N0 readings werc taken of each of the excess po A CCIITE .. = P o T
I | }i o e excess pore pressure, horizontal cyclic load, honizontal
ont and vertical load. After the test, the data were processed and the results were displayed

and on the plotter. For the resonant column tests, a high speed strip chart recorder was

PC

test,
displacem
o monitor

on th
ace the torquc.

used to ir

TEST RESULTS AND ANALYSIS

haracteristics

Dc rormational C

A summary of the results of the resonant column tests is shown in Table 1. Within the strain

average damping ratio is 1.3% and the modulus value drops slowly with strain
0.001% was taken as the

consolidation pressure. The modulus value at around
analyze the cyclic test data in the following.

amplitude tested, the
amplitudc for a given
itial modulus (Go) 1O

Table 1. Summary ol results from resonant column tests

-

g e e =

—r e —

i

Consolidation Pressure Peak Shear Modulus Damping

kPa Strain % MPa Ratio%
0.0014 20.56 1.36

50 0.0038 20.16 1.24
0.0065 19.96 1.90
0.0123 19.37 F R
0.0010 37.40 1.20
0.0026 37.40 0.67

150 0.0057 37.12 0.91
0.0085 36.57 1.14
0.0110 36.30 1.13

o analyze the modulus

Dmevich, 1972) 1s used t |
mn tests, the functional

A hyperbolic strain model (Hardin and
oading and resonant colu

degradation with strain amplitude. From the cyclic

relationship can be written as:
G = 1/(a+b*Y)

(1)

where:
G = shear modulus

Y = shear strain
a.b = constants to be determined from the test results.
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. 1ed by plotng 1/G vs Y as shown i -
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g Y = VY, (normalized shear strain)
B r

y = a/b (reference strain).
r

Fig 2 presents the test data, onl the basis of the hypcr}l:%lic strain model, from the r,
ig.2 pre ey _ R “
S e PETC P A0d Y, have gy
Cﬁ l:r;m 1&51,(18[3 The result shows that the cyclic simple shear test and resonant colump SCd i,
d CSC :

. . . [CS Lo
ame modulus degradation curve. The cyclic tnaxial tests howeyer viel S giye

more or less the comparable shear strain amplitudes. da hi%h%r

modulus than the cyclic simple shear tests at

[iquelaction resistance

The liquefaction resistance (t,) of a granular soil is defined as the uniform cycljc
applied to the soil until failure occurs. Failure corresponds to the condition when the o
pressure reaches the initial consolidation pressure (o.’). The hquefaction resistance Normalizeq
for a given soil is a function of shearing mode, void ratio, frequency of loading and nym ) G,

: : ber
or energy dissipated to the point of failure. Fig.3 shows typical test results from a cyclic simolf “YCles
test for o,'= 50 kPa. PIC Sheyy

hear SITQSS
ACESS pore

Fig.4 shows the test results for o.’= 50 kPa for different shear modes, fre
and numbers of cycles to failure. The results show that the liquefaction resis

iqcre:asc in fr?qucncy and decrease in void ratio and number of cycles to failur
inaxial test yields a higher strength than the cyclic simple

quencies, void ryjo
lance increases i

€. As well. the Cyclic
shear test for the same void rat

;:ic‘;m}p{)icl Satllzoqcyqles Lo failure and at the loose state of void ratio of 1.285, the cyclic triaxial S:?’;nﬁ(;i
Rty o higher than the cyclic simple shear strength at the same frequency and th i
xial strength is 11% higher at 10 Hz than at 1 Hz : e




srizontal axis represents the normali: _
h]:Own L ﬁguf')c = the (;mmmlmcd total dissipated energy, W, defined by TW
S ' ‘“1 n 11 g " e ’ N? ! G _ - Thoe 18,
imple shear el lri[aiziajgwg}a G, = 50 kPa and void ratio = 1.285 and in(_:luydcﬁ; tftj_h 'm“]{d s
: - shear. For a given shear mode, the results suggest 1h g_ih o
' : st that there exists a

single relationship between Au/c.’ and W,, simil
; % C y X ar ; :
(1990). - Wliticnshib can be written as N to that of a clean sand studied by Law et al.

Auje:s = OWR
where & and [ are constants to be obtained from the test results (3)

e 1: d1S0O ¢ 5 ] 1
Tl;(;s Lsurés 110 %hoz.; that fortthe same amount of dissipated energy, the triaxial test yields a
lower i:xc p:z D 2 sure an Lhc. su:nplc shear test. This 1s consistent with the earlier observation
that soil sheare under the cyclic triaxial mode is stronger than under the cyclic simple shear mod
ode.

.Eq. 3 shows another aspect based on the energy approach. By definition at liquefaction failure

Au/o.’ is equal to 1.0 and hence the normalized total dissipated energy at failure, Wy, 1S a consta {
In other words, for a given shear mode, void ratio and consolidation pressure 1iq1;efazft1jon failure czr;
he expressed Dy a single variable of Wy, In the conventional approach, hm;cvcr two varnables, the
applicd shear stress and the number of cycles of load application, have to be con;idcrcd. |

PRACTICAL IMPLICATIONS

The liquefaction resistance of the fly ash can be compared with that of similar soils rcported
in the literature. However it is recognized that the relative density of the materials being comparcd can
1ot be ascertained as the grain size of the fly ash is too fine for determination of the maximum density
based on the ASTM standard (D4253). The comparison presented here therefore can only be considered
qualitative. By nature of formation, fly ash is similar to volcanic soil and by grain size distribution,

ilt. Fig.6 compares the triaxial liquefaction resistance of the loose fly ash with a loose
(Cao and Law 1991). The fly ash is stronger than

volcanic soil (Hatanaka et al. 1985) and a loose silt
high strength is this fly ash has a

the volcanic soil and silt. One possible reason for the relatively
friction angle of about 35°(Toth et al. 1988) even at a loose state.

The test results suggest that a conventional cyclic triaxial equipment that shears soil at a low
frequency range around 1 Hz may yield reasonable liquefaction resistance for soils in eastern Canada
provided that the field density can be maintained in the laboratory test. Here in this region, the seismic
stress induced in the soil mass 18 horizontal and contains a high frequency content. The horizontal shear
tends to lower the resistance while the high frequency loading tends to raise it. These two factors arc
compensating each other, hence giving support 1o the use of the conventional equipment which is t:ar
more commonly available than either the cyclic simple shear apparatus or the high frequency triaxial

device.

The triaxial equipment, on the
figure suggests that frequency has little effect on modulus

applies to both the resonant column test which was conducte ol
cyclic simple test which was conducted at low frequency (1Hz). The modulus obtained from

will not be subject tO a compensating effect similar to that for resistance.

SUMMARY AND CONCLUSIONS

d at high frequency

d on a fly ash from Nanticoke, Ontario. Tests have

A laboratory test study has been conducte
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