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ABSTRACT

Both vertical and horizontal samples of undisturbed fibrous peat, which were obtained by
maintaining the axes of thin-walled tubes parallel to the vertical and horizontal directions in
peat ground, were used in this investigation. These samples contained organic matter in the
amount of 10%-80%. After normal isotropical consolidation of the samples in the triaxial
cell, undrained compression and extension tests with pore water pressure measurement were
performed, and the influences of confining pressure, loading path, amount of organic matter
and fabric anisotropy on the undrained shear behavior of peat were investigated. Test re-
sults indicate that the undrained shear behavior of saturated peat can be discussed based on
the principle of effective stress, in the same manner as inorganic soils. However, as the an-
isotropic fabric of fibrous peat which had formed during accumulation still remained after the
isotropic consolidation, anisotropic shear behavior was observed ; the undrained deformation—
strength properties observed in the compression test were considerably distinct from those ob-
tained in the extension test. Moreover, it was also found that the normally consolidated fi-
brous peat had a cohesion intercept due to the effect of tension in the fibers, and undrained-
strength parameters were found to be greater than those of inorganic soils.

Furthermore, based on the test results, the authors proposed a new method of predicting
stress-strain behavior of peat under triaxial compression and extension conditions.

Key words : angle of internal friction, anisotropy, cohesion, consolidated undrained shear,
highly organic soil, shear strength, stress path, triaxial compression test (IGC : D6/D5)

composed of fibrous organic matters, i.e.
INTRODUCTION partly decomposed plants such as leaves and
It has been said that peat which is mainly stems, shows unique mechanical properties in
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comparison with those of inorganic soils such
as clay and sandy soils. Also, it is generally
said that it is material which strongly shows
strength anisotropy. However, there have
been only a few systematic investigations
concerning the mechanical properties of high-
ly organic soils and peats ; in particular,
there have been very few studies on the
shear characteristics of peat. Therefore,
there are many points which must be solved
regarding the fundamental shear character-
istics of peat. The explanation of such pro-
blems will be useful for practical geotechnical
problems such as slope stability or bearing
capacity of peat ground.

In this paper, based on the results obtained
from undrained triaxial compression and ex-
tension tests——which were performed by us-
ing both the vertical and horizontal samples
of undisturbed peat——the influences of con-
fining pressure, loading path, amount of or-
ganic matter and fabric anisotropy on the un-
drained shear characteristics of normally con-
solidated peat are, presented. = Moreover,
based on the experimental facts and the orig-
inal Cambridge theory, the authors also pro-
posed a new method to explain systematically
the stress-strain behavior of peat under tri-
axial compression and extension conditions.

EXPERIMENTS
Peat Tested

The sample used in this investigation is fi-
brous peat with the physical properties shown
in Table 1. The saturated undisturbed sam-
ple was brought from a riverside near Ohmiya
city, Saitama Prefecture. The sample con-
tained a considerable amount of vegetal fi-
bers, and we could therefore not determine

Table 1. Physical properties of peat
Properties Amounts
Natural water content wa (%) 110~1200
Natural void ratio en 5~19
Specific gravity Gp 1.52~2. 56
Degree of saturation S (%) 100
Ignition loss L;e(%) 10~85
Degree of decomposition D(%) 25~65

Potential of hydrogen pH 5~7

- Liquid limit LL(%) -
Plastic limit ' PL(%) —

l Peat ground
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Sampling depth = 0.7 m - 1.5 m
Clay layer
Fig. 1. V and H samples from peat ground

the values of the liquid and plastic limits of
sample. The amount of organic matter is
indicated by the ignition loss, denoted by the
symbol L;,. It is defined as the ratio of the
mass lost by heating at a temperature of 800
°C to the total dry mass of the peat sample.
As illustrated in Fig.1, the ground water lev-
el (G.W.L.) of the peat ground was only
slightly below the ground surface, and the
peat layer under the ground surface reached
a depth of about 2m. The samples were ob-
tained by using thin-walled tubes 75 mm in
diameter and 500 mm in length. In order to
ensure the least variation among the indi-
vidual samples, they were sampled from a
depth range of 0.7m to 1.5m below the
ground surface in the same vicinity.
pling, care was taken to maintain the axes
of the samples parallel to the vertical and
horizontal directions in the peat ground, and
these samples were designated as vertical (V)
and horizontal (H) samples. The total unit
weight of each peat sample was about 10.8
kN/m?® and the sample was normally consoli-
dated under the present maximum effective
overburden pressure of about 10kPa. The
samples were waxed and wrapped in the field,
and then stored in a water bath at the labo-
ratory.

The undisturbed sample was gently re-
moved from the thin-walled tube. As
shown in Photo. 1, a specimen, 50 mm in dia-
meter and 125 mm in length, was trimmed
from the sample with a very fine wire saw
and a cutter, and was then placed on a satu-
rated porous stone which was mounted on

In sam-
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Fig. 2. Changes of pore water pressure

due to changes of confining pressure
under undrained conditions

the base of a triaxial cell. A slotted filter
paper drain was wrapped around the specimen
in order to accelerate drainage. All speci-
mens were isotropically normally consolidated
in the triaxial cell and then sheared under
undrained conditions.

Testing Procedure

In the consolidation process, an initial back
pressure of 100 kPa was applied to all speci-
mens to insure saturation, and an all-round
pressure in the range of 10kPa-50kPa was

Peat sample tested
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Fig. 3. [Excess pore water pressure vs. elapsed

time curves during isotropic consolidation

raised in several steps to its final value. The
completion of primary consolidation was spe-
cified by the dissipation of excess pore water
pressure Ju at the final-stage pressure-in-
crease increment, and the pore pressure para-
meter, value of B, was checked at each stage
(see Fig.2). The loading duration of the
all-round pressure in each stage was specified
to be one day ; the duration after reaching
the final cell pressure, however, was specified
to be two days. Therefore, the excess pore
water pressure prior to shear was essentially
equal to zero. Typical excess pore water
pressure vs. time curves during consolidation
of V and H specimens are shown in Fig. 3.
The time required for dissipation of excess
pore water pressure was found to be from
700 min to 1000 min. After the completion
of consolidation, as shown in Table 2, six
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Fig. 4. Various loading paths under

undrained conditions

series of undrained shear tests on the speci-
mens, with consolidation pressure ¢,/ ranging
from about 100kPa to 350 kPa, were per-
formed under the following conditions :

i) UCL Test : Radial stress ¢, constant,
axial stress g, increased ; i.e. loading com-
pfession test. :

ii) UCP Test : Radial stress decreased and
axial stress increased so that the total mean
piincipal stress p=(0,+20,)/3 remained con-
stwant ; 1. e. constant total p compression test.

iii) UCU Test : Radial stress decreased,
axial stress constant ; i. e. unloading compres-
sicn test.

iv) UEL Test : Radial stress increased,
axial stress constant ; i.e. loading extension
test.

v) UEP Test : Radial stress increased and
axial stress decreased so that the total mean
principal stress remained constant ;i.e. con-
stant total p extension test.

vi) UEU Test : Radial stress constant, ax-

ial stress decreased ; i. e. unloading extension
test.
The total stress paths corresponding to the
loading conditions mentioned above are il-
lustrated in a Rendulic diagram (see Fig.4).
In addition, the UCL Test was also carried
out under another condition only on the H-
specimens ; that is, as shown in Table 3 (test
results at failure are also shown in this ta-
ble), after the end of consolidation at the
consolidation pressure ¢,’ of about 100kPa,
the drainage line was closed and the confining
presfsure o, of 200 kPa was raised to 300kPa
or 400 kPa, and then the shear test was car-
ried out.

In Table 2, the tests in group (A) were
performed under the strain-controlled condi-
tion with the rate of axial strain of 0.05%/
min, and those in group (B) were performed
under the stress-controlled condition. The

Table 2. Types of tests
No. Test type Specimen wn (%) Gp L;y(%) o/&Pa) w.(%)
V-29 UCL V-specimen 1095 1.582 83 100 421
V-28 7 ” 118 2.56 10 147 63
V-30 ” ” 481 1.997 40 199 158
V-20 ” ” 942 1.552 78 100 417
V-4 ” ” 860 1.721 70 197 266
V-9 ” ” 852 1.687 71 343 205
& H-3 ” H-specimen 923 1.747 73 99 380
H-5 ” ” 997 1.690 73 197 294
H-7 7 ” 774 1.763 59 299 211
H-14 UEU ” 830 1.726 71 96 364
H-16 ” ” 1000 1.552 74 98 413
H-15 ” ” 926 1.710 70 199 282
H-2 UCL H-specimen 941 1.623 78 97 414
-6 ucP ” 1114 1.603 79 98 446
H-4 UCU ” 924 1.782 67 98 389
(B) H-9 UEP ” 899 1.742 68 99 349
H-12 UEL Y 895 1.705 72 96 387
H-8 UEP ” 1027 1.725 65 149 338
H-19 UEU 7 885 1.712 72 98 376

(A) : Strain control (rate of axial strain 's,,=0. 05%/min),
Gy : Specific gravity, L;y:Ignition loss,

water content,
sure,

w, : Preshear water content.

(B) : Stress control, w, : Natural
¢,/ : Preshear consolidation pres-
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Table 3. Stress conditions prior to shear
and at failure in UCL Test
]End of isotropic}Beginning ‘,‘ Failure
No. consolidation |of shear EJ (0af~=0rf)max
o [ 0e _ 0d || Oaf  arf ‘ oaf’  orfl
(kPa) (kPa) ." (kPa) (kPa)
H-3 200 99 | 200 99 | 302 200 | 144 42
H-10 201100 . 300 101 . 408 300 | 151 43
H-11| 199 95 | 400 98 [’ 505 400 | 149 44

T
[
< UCL Test  Lig=68-76%
Ny H-specimen
& 1-10 -3 B-10 . U-11
o -11
3 X .
5 A
e Y [T BERE | I ST L PR PR to1
] 100 00 300 E1YY [U)
Total and effective stress (0 (40, £1/2, (0,¢'+0,.")/2 (kPa)
Fig. 6. Mohr circles in UCL Test with

different magnitudes of confining
pressures

pore water pressure was measured at the bot-
tom of the specimen.

EXPERIMENTAL RESULTS

Influence of Confining Pressure

The normalized effective stress paths and
stress ratio vs. axial strain curves are shown
in Fig.5, where g=0,—0,, p'=(0,/+20,")/3
and ¢, is the axial strain and ¢,/ is the effec-
tive stress at the beginning of shear. As
shown in Table 3, these results were obtained
from the UCL Test on the H-specimens with
three different confining pressures g, The
effective stress ¢,/ at the end of consolidation

was almost equal to that at the beginning of
shear. This suggests that the increment of
confining pressure corresponds to that of pore
water pressure. Then, as is obvious from
Fig. 5, in spite of the different magnitudes of
confining pressures, the effective stress paths
during undrained shear almost coincide and to
a great extent the same loci of stress-strain
curves are observed. It is further seen from
Fig. 6 that the angle of shear resistance ¢,
given from the three Mohr circles in terms
of total stress is almost equal to zero, and
their effective Mohr circles, which are shown
with the dotted circles, agree well. Hanra-
han (1954) also reported similar results from
the unconsolidated undrained test on satu-
rated peat. Accordingly, the undrained
shear behavior of fibrous peat, as well as of
saturated inorganic soils, is not significantly
affected by the confining pressure, and can be
discussed in the conventional way based on
the concept of effective stress.

Influence of Loading Path

The normalized stress-strain curves and ef-
fective stress paths obtained from the tests
of group (B) in Table 2 are plotted in Figs.
7 and 8, respectively. The consolidation
pressure g,/ was about 100 kPa for all speci-
mens except for specimen H-8, for which
the pressure was about 150 kPa. It can be
seen from these two figures that the un-
drained compression or extension behavior
during the three different loading conditions
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Fig. 7. Deviator stress vs. axial strain
curves for various loading conditions
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for various loading conditions

is for the most part essentially independent
of the total stress path to failure ; if normal-
ly consolidated specimens are subjected to
these various types of undrained tests in com-
pression or extension stress space, the effec-
tive stress path and the undrained strength
normalized by consolidation pressure ¢,/ will
become the same for each type of loading.
That is, as a first approximation, it can be
said that the undrained shear behavior in the
same stress space (compression or extension)
for fibrous peat as well as for inorganic clay
soils is dependent only upon the initial con-
ditions existing before shear and is indepen-
dent of the way in which the shear is ap-
plied.

However, as shown in Figs.7 and 8, the
difference between compression and extension
shear behavior is very remarkable. The
stress-strain curves in the extension tests on
the H-specimens show a rapid increase in
deviator stress for the changes in axial strain
at small values of axial strain. Also, the H-
specimens show a very large effective angle

of shearing resistance and undrained shear
strength in the extension tests. Such a ten-
dency is probably due to the anisotropic fab-
ric of fibrous peat.

Influence of Amount of Organic Matter
Based on the results of the UCL Test on
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Fig. 9(a). Influence of amount of
organic matter on effective
stress path (V-specimens)
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Fig. 9(b). Influence of amount of
organic matter on effective
stress path (H-specimens)
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the V-specimens (V-4, V-28 and V-30) and
the H-specimens (H-5 and H-7), the influ-
ence of the amount of organic matter on un-
drained compression behavior was investi-
gated. The normalized effective stress paths
are shown in Figs. 9(a) and (b).
seen in these figures,

As can be
the effective stress
paths of peat are influenced considerably by
the amount of organic matter and move away
from the origin with an increase in this a-
mount. In particular, in the V-specimen re-
sults, such a tendency appears to a marked
extent in the range of organic matter con-
tent between 10% and 40%. For both V and
H specimens which contain an organic matter
content of about 70%, the effective stress
paths indicate that the deviator stress g in-
creases to the maximum value under almost
constant effective mean stress p’ during un-
drained shear. Adams (1965) also observed a
similar stress-path locus from an undrained
triaxial compression test on saturated fibrous
peat with an L;, of 77%-80%. It is also seen
from Fig. 9 that the values of maximum devi-
ator stress and shear stress ratio mobilized at
failure (represented by the symbol M’) in-
crease with the increase in the amount of
organic matter. This M’ corresponds to the
effective angle of shearing resistance. From
the results of undrained and drained triaxial
compression tests on reconstituted samples
of mixed clay and peat (Muck) in various
ratios of mass, Tsushima et al (1982) showed
that the value of the angle of shearing resist-
ance increased with the increase in the amo-
unt of peat, and that the value of the dilatancy
coefficient also increased in proportion to the
amount of peat. That is, it can probably be
said that the shear behavior of soil is consid-
erably influenced by the amount of vegetal
matter, and that large strength-parameter
values may be obtained with an increase in
the amount of vegetal matter involved.

Fig. 10 shows the normalized pore water
pressure du/c,’ vs. e, curves for V and H
specimens in the UCL Test. The amount of
organic matter has a significant influence on
pore water pressure behavior for specimens
containing a relatively low organic matter

v
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B V & H-specimen e ©8° © T
~ &0
=2 - mo e
<] Am
9 r D,,n"‘ ’...-.--o%-':"-‘:u.....:-. R
-
2 05 glegath e, . ]
« .y p oo o@
] L ) pgoo ooo@ n
= O gonoa .
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5 > H-specimen No. “Lig(¥) O.(kPa)
g . 0o . R
g [ Fo. Lig(®) O.(ka) g yog 10 145
v [g8 . -7 59 299 4 Y-30 40 198 o
B . o ewes 7y, 197, Joy-h, 70, 197
0 5 10 15 20
Axial strain Ea (¢3)
Fig. 10. Influence of amount of organic

matter on pore water pressure vs.
axial strain curves

content of 40% or less. The values of du/
o,/ for the V-specimen V-28, with an L;, of
10%, are very small in comparison with those
for the V specimens V-30 (L;,=40%) and V-
4 (L;;=70%) at strains larger than 3%. In
the cases of V and H specimens with organic
matter content greater than 40%, the du/s,’
vs. g, curves almost agree, and there is no
apparent influence related to the amount of
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Fig. 11. Effective stress paths under

compression and extension .con-
ditions
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vegetal matter.

Behavior under Compression and Extension
Conditions :

“The results of the strain-controlled UCL
Test on V-specimens and the UCL and UEU
Tests on H-specimens are plotted in Figs. 11-
13. The specimens of peat used in these
tests, containing almost the same amount of
organic matter (about 70%), were isotropical-
ly normally consolidated in the range of con-
solidation pressure ¢,/ between approximately
100 kPa and 350kPa. As shown in Figs.11-
13, the undrained shear behavior of the spe-
cimens in the compression test is very differ-
ent from that of the H-specimens in the
same test. Similarly, for the same H-spe-
cimens, the behavior under compression con-

gy Extension
LY
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/at TCL Test (Strain control)
/o]

No. Lig{%) 0(': (};Pn% No. Lig() Oé(kPa)

T T T T T T T T

o 1-15 70 199 . —V-2 71 343

au-14 7L 96 V-speeinenl T, gy 197

all-16 73 98 o 1-5 73 197 g
L T-specimen|aH-3 73 99 J
L Fi-10 68 100

~10 -5 4] 5 10 15 20

(%) €, Axial strain €a (%)

Fig. 12. Deviator stress vs. axial strain

curves under compression and ex-
tension conditions
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osl e w w oo oo L \PEAIS L 390, 4L
Fig. 13. Pore water pressure vs. axial strain

curves under compression and extension
conditions

ditions is quite distinct from that under ex-
tension conditions. As pointed out in Figs.
7 and 8, this suggests that the anisotropic
fabric of fibrous peat still remains after iso-
tropic consolidation, and this characteristic is
particularly apparent during shear. From
the difference between the effective stress
paths for V and H specimens under compres-
sion, it can be said that the developing pore
water pressure due to the deviator stress com-
ponent for V-specimens at any identical shear
stress ratio is large compared with that for
H-specimens. Namely, the V-specimen un-
der compression takes the form of a fabric
enriched with a negative dilatancy.

It is also expected from Fig.11 that nor-
mally consolidated peat not only has a large
effective angle of shearing resistance but also
shows a vertical intercept due to the develop-
ment of tension in the fibers extending across
the failure plane. The shear stress ratio at
failure in the compression test on V-speci-
mens and in the extension test on H-speci-
mens will become very large compared with
that in the compression test on H-specimens.
It is for this reason that the orientation in
fibers for V-specimens during compression
shear may be very similar to that for H-spe-
cimens during extension shear.

From the results of normalized g¢/s, vs.
g, in Fig.12 and 4du/c,’ vs. e, in Fig.13, it
is seen that the undrained shear behavior un-
der compression or extension conditions can
be approximately normalized by the effective
stress g,/ at the beginning of shear. Similar
results can be read from Figs.7 and 8. How-
ever, rapid changes in deviator stresses at
small strains are observed in the extension
test on H-specimens. As can be seen in Fig.
13, this is probably due to the development
of negative pore water pressure, which pro-
duces an increase in effective stress during
extension shear.

Undrained Strength Parameters

Based on the test data on normally consoli-
dated V and H specimens with an L,; of
about 70% described in the previous section,
only the stress states at failure, which are
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Fig. 14. Normalized effective stress
paths in UCL and UEU Tests

4004 Compression

300t

200

00 700
p'f (kPa) 1

Extension

UEU Test

-200f

-300F

Fig. 15. States of stress at failure
plotted in g vs. p’ plane

determined from deviator stress maximum
criteria, are plotted again Figs.15 and 16,
where g, and p, are equal to ¢ and p’ at
failure, and ¢, is the wundrained shear
strength |g;/2|. Also, the symbols M and m
in Fig.15 are, respectively, the inclination
and vertical intercept of the g, vs. p; rela-
tionship, approximated by a straight line.

3 ' L ig270%
g 200 | Compression Lig=70%
2 UCL Test o -
© i o e
5 P >
% < s |
S 100}
g :
b -
” g' (kPa)
M
oo 0 L I L L 1
[}
< 100 200 300
" i i
= A 1
< 100} @p@
é fon N\,
S | Extension S, J
UEU Test
200 : N ; . .
Fig. 16. ¢, vs. o/ relationships for

normally consolidated peat

In the UCL and UEU Tests, the effective
angle of shearing resistance ¢’, the cohesion
intercept ¢’/, and the pore water pressure pa-
rameter at failure A, are given by the fol-
lowing equations :

UCL Test (Loading compression) :

. 3M 3—sing’
f— -1 ! —
¢’=sin <6—[~M>’ " 6cos’ "
_ Auy
Af—— AO'af

(1D
UEU Test (Unloading extension) :

./ 3|M| > 3+sing/

’_ 1 /—

¢7=sin (6—|M| » = Goos g I
— Auy

A==,

(2)
where du; and dg,; are the change in pore
water pressure and the axial stress to failure.
Since normally consolidated peat has a verti-
cal intercept on the g, vs. p,/ plane of Fig.
15, the ¢, vs. ¢, relationships in Fig. 16 also
have vertical intercepts, but can be repre-
sented approximately by straight lines. The
inclinations ¢,/o,’ of these straight lines cor-
respond to the rate of increase in undrained
shear strength due to consolidation. In ad-
dition to these values of ¢’, ¢’ and A, cal-
culated by Eqgs. (1) and (2), ¢,/e.’ in Fig. 16
and the values of axial strain at failure ey
are summarized in Table 4. The value of ¢’

for soils must be within the range of 0°-90°,

Then, from Egs. (1) and (2), the range of
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Table 4. Strength parameters of normally
consolidated peat

’ V-specimen | H-specimen

' compression } compression ’ extension

M 2.14 1.43 —2.97

m (kPa) 7 1 -5

8 (©) 52 35 —

¢’ (kPa) 4 0.5 —

c. /o 0.55 0.53 0.80
Ay 0.71~0. 93 0. 54~0. 56 0. 94~0. 97
er (%) 12~15 6~8 8~9

r 150 H-specimens

UCL Test
F 100 (Compressio

(O'af - O'rf)/Z (kPa)

1 1 .
250 300 350

(01, +01)/2 (kpa)

No. 0, (kpa)
UEU Test

~100 H-19 100

(Extension) H-5 197

H-14 96

=150 H-16 98
H-15 199

=200

Effective Mohr circles in UCL and

Fig. 17.
UEU Tests on H-specimens

M values corresponding to the condition 0°<
$¢'<90° is given as follows :

—1.5<M<3 (3)

That is, if the value of M obtained from the
tests satisfies Eq. (3), by using the values of
M and m from Eqgs. 1) and (2), it will be
possible to calculate the values of ¢’ and ¢’
However, as can be seen in Table 4, the
value of M obtained from the UEU Test
on H-specimens was —2.97. So, for the
H-specimens, we could not determine the
values of ¢’ and ¢’ under the extension
condition. Fig. 17 shows the effective Mohr
circles obtained from the UCL and UEU
Tests on H-specimens. In the UEU Test,
the magnitude of pore water pressure at
failure becomes larger than the axialstress
g, That is, the negative value in effective
axial stress g,,' is measured at failure, and
as the value of consolidation pressure ¢,/ in-
creases, this ¢,/ shows further increased ne-

gative value. Therefore, it was impossible
to determine the two values of ¢’ and ¢’ for
H-specimens under the extension condition.
As the most probable explanation for the
results obtained, it may be said that the ten-
sion in vegetal fibers contributes to the
strength parameters of peat to a greater ex-
tent than might be expected, and the effect
of tension depends on the magnitude of con-
solidation pressure. Hanrahan (1954) re-
ported from the results of unconsolidated un-
drained tests on saturated fibrous peats that
the developing excess pore water pressure at
failure became larger than the magnitude of
confining pressure ; he reported also that ne-
gative lateral effective stress was obtained.
Thus, in the case of the extension test on
H-specimens in this experiment, it may be
said that such a tendency is produced by the
considerable development of tension in fibers
extending across the failure plane.

As seen in Table 4, the fibrous peat shows
predominantly anisotropic strength proper-
ties. The ¢’ of 52° from the compression
test on V-specimens was very large compared
with the ¢’ of 35° for H-specimens. Also,
the values of ¢,/o,’ larger than 0.5 were mea-
sured, and the value of 0.8 from the exten-
sion test on H-specimens was a particularly
large value.  Such large values in the
strength parameters of peat have been also
reported by other research workers. Table 5
shows the results of typical triaxial compres-
sion carried out by other researchers on un-
disturbed and remoulded peats, where the
ICU Test corresponds to the UCL Test in
this paper, where the K,CU Test corresponds
to the UCL Test on K, consolidated samples,
and where the ICD and K,CD Tests are stan-
dard drained triaxial tests on samples consol-
idated under isotropic stress and K, condi-
tions. Values of ¢’ larger than 50° have
been measured by other research workers.
The very large value of ¢/=78.3° was indi-
cated by Oikawa et al (1980). Also, Adams
(1962), Ozden et al (1970) and Oikawa et al
(1980) indicated that normally consolidated
fibrous peats had a cohesion intercept c¢'.
The value of ¢’ for undisturbed Muskeg, ac-

NI | -El ectronic Library Service



The Japanese Geotechnical Society

SHEAR CHARACTERISTICS OF PEAT 11

Table 5. Strength parameters of normally consolidated peat according
to various research reports
Authors Samples wn (%) Gy L;e(% c¢’(kPa) |¢’ or ¢d(°)} cu/og ‘ Tests
Adams Muskeg (U) | 375~430 | 1.62~1.70 | 77.5~87.5 14 ‘\ 50 ICU
(1962) | 51 ICD
Adams Muskeg (U) | 200~600 | 1.62~1.73 0 | 48 ICU
(1965) {
Ozden et al \ Muskeg (U) 800 1.57 96 5 46 ICU
1970y \
Tsushima et at Muck (R) 1.84~1.86 57~58 0 51.9 0.54 ICU
Q977 0 60.2 0.52 KoCU
0 51.5 ICD
0 51.5 KoCD
Oikawa et al \ Muck (U) 1.62~1.77 56. 1~67. 4 1.0 78.3 0.63 ICU
(1980)
Tsushima et al Muck (R) 1.82 56 0 51.1 ICU
(1982) 50.2 ICD
Edil et al Peat (U) 240 1.94 20 0 50. 2 KoCU
(1981) Peat (U) 600 1.92 31* 0 53.8 KoCU
Peat (U) 510 1.41 64* 0 574 KoCU

*; Fiber content, (U) : Undisturbed sample, (R) : Remolded sample

cording to Adams (1962), was 14kPa. The
values of c¢,/a,/ for Ohmiya peat were very
near the values for Muck obtained by Tsu-
shima et al (1977) and Oikawa et al (1980).
The values of Ay in the UCL Test on V-
specimens and in the UEU Test on H-speci-
mens were closer to unity. However, this
value from the UCL Test on H-specimens
was about 57% in the UEU Test, and the
value of ¢,=6%-8% for H-specimens in the
UCL Test was very small compared with that
of ¢,=12%-15% for V-specimens in the same
test.

UNDRAINED STRESS-STRAIN RELA-
TIONSHIP FOR NORMALLY CONSOLI-
DATED PEAT

Assumptions

The stress-strain equations of peat under
triaxial compression and extension conditions
derived by the present authors are based on
the theory of Roscoe et al (1963) and the
methods of Mitachi et al (1979) and Yama-
guchi et al (1983) which make use of the di-
latancy function, which represents approxi-
mately the experimental dilatancy vs. stress
ratio relationships of clay soils. The assump-
tions of the present authors, then, are essen-

tially the same as those of these three re-
search groups. Further, in this paper, based
on the experimental facts, we made the fol-
lowing assumptions in order to derive the
stress-strain equations for normally consoli-
dated peat :

(i) The total change of void ratio during
shear d, is represented by the sum of the
change due to the increment of effective
mean stress (d,). and that due to the incre-
ment of deviatoric stress (d,)q :

de:<de)c+<de>d (4)

As shown in Fig.8, from the volume change
behavior in isotropic compression-swelling
tests on V-specimens of peat, by using the

inclinations 1*, g* of the straight lines plot-

No. ey Lig(%) »' (kPa) M 1.0 TIsotropic compression & swelling
O V-6 13.02 61 45—=341—7.9 & Vespeciven o
O V-5 13.49 55 46==193—=36 < /o‘,__rg;" £ Ax
Ao-— 1
- ——Q 77, B
® V-1111.67 56 48—97-51.8- -
— P %
/0_,/, ’\ 4 /ﬂ/,l)‘ _No(v
[ &
0.5 2 ¥
. 1ine/ L ,ﬁo\&
guellind o
— >
_ e &
/_/,o/ + &
—
~2.0 -1.0 0 1.0 2.0
Aln p'
Fig. 18. Changes of void ratio during

isotropic compression and swelling
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M'=M' Compression
M M — M
q 1 ¢ c c
N ' c'=0
<
o
0 / p'
; /
/ / Extension
N\ / —_—
®, ;oM e
q o c'=0
1
M‘=Mé M,
Fig. 19. Schematic diagram of stress

states at critical state

¥o. e, Lig(%) pl(kPa)
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Fig. 20. Loading-unloading behavior of peat
(V and H specimens) under constant mean
effective principal stress

ted in the 4ln e vs. 4ln p’ plane, the (d,),
in the above equation and its elastic and plas-
tic components (d,)¢, (d.)% are approximate-
ly expressed as follows :

(dg>c:—/1*eo< 7 )w e’ (g

)
(dQSze{(/l*—/f*)( ]fo', >_m_m—/1*
() 5 ®
@t=—r—wtye L)L (1)

where ¢, and p,/ are the void ratio and the
consolidation pressure at the initial state in
the normal consolidation range, respectively.

(ii) As shown in Table 4, normally con-
solidated peat has a cohesion intercept ¢/, but
in order to simplify the equations, we let ¢
be equal to zero as in Fig.19, and assume
that the critical state lines become straight
lines through the origin with the modified
inclinations of M; or M, in the ¢ vs. p’
plane.

(iii) As noted in Fig. 20, from the results
of loading-unloading tests under constant ef-
fective mean principal stress (p’=const.) on
V and H specimens, as well as the assump-
tion of Cambridge theory for clay soils, it
can be assumed also in the case of peat that
the only elastic component of strain that oc-
curs during shear is the volumetric strain,
and that there is never any elastic component
of shear strain ; thus,

<dv>e=—1§f—e—[m_,€*)< p%/' >—<x*—m 1

(2 L ®
2 ?' i

<d1}>g=o, d8§:0

where (d,)¢ is the elastic component of the
total volumetric strain increment, (d,);® is
the elastic component of the volumetric
strain increment due to the deviatoric stress
increment, and de¢ is the elastic component
of the deviatoric strain increment.

(iv) For undrained shear, from Egs. (4)
and (5), the equivalent dilatancy F(z),
which is assumed to be a function of the
stress ratio p=g/p’ (Mitachi et al (1979)), is
represented as follows :

o= i-(£)]

where F(%) is the volumetric strain due to
the deviatoric stress component, which is cal-
culated by subtracting the change of pore wa-
ter pressure due to the increment of mean
principal stress from the observed total
change of pore water pressure during un-
drained shear.
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Basic Stress-Sirain Equations

Referring to existing theories and using
the assumptions described in the preceding
section, the basic equations of stress-strain
relationships for isotropically normally con-
solidated peat can be derived. From Egs. (4),
(5) and (9), the change of total void ratio
during shear is represented by the following
equation :

10

where F/(y) is the differential form of F(z).
Accordingly, the equation of the state bound-
ary surface is given by integrating Eq. (10)
with the initial conditions e=e, and p'=p,’
at =0 as follows :

e:eo<—§),,—>—”—(l+eo)F(77) 1D

Also, by integration of Eq. (6), the equation
of the elastic wall is given as follows :

_ _ _ Pl >—(R**IC*) < P’ >—Z*:]
¢ e"*e‘)[ <P0, o

12)

By combining Eq. (12) with Eq. (11), the
equation of the yield locus is expressed as fol-
lows :

[
Po

Assuming the normality condition to be ap-
plied, the basic equations of incremental
stress-strain relationships are given as fol-
lows :

—l:l— (A+e)F(p) =0 (13)

dyr= 1te, [ ee(A*—£®)/ p’ >—u*—x*; dp’
I+e | 1+e \ po 4
+F’<ﬁ)d”} 14)
SR EA T AR
des ~des 1+€ 1+€o \ Po
d
S asgory
x[ F'(q)
7 _Q)(X*—/f*)/ P, ><*y_*”_
F(pn e pr
(15)

_1+€o[l*€o/j>' >_;*dp/ 7 d]
D=y Tel\ pr) o L Wdn

e

where (d,)? is the plastic component of the
total volumetric strain increment d, and def
is the plastic component of the deviatoric
strain increment de,. In the undrained shear
test, applying the conditions d,=0 and e=e,,
the equations of effective stress path,
mental stress-strain relationship and pore wa-
ter pressure become as follows :

T o
‘j;; :K ’1*;"{*>{1+<1+e°>F( )}_mw—q

x tF oy} Lo o =5

{1+<1+“°)F<n>} 5] 1)

s (3 (o) ]
19

where du is the excess pore water pressure
in the UCL and UEU Tests, with the total
stress path represented by ¢=3 (p—p,).
Accordingly, if the F(y) vs. 7 relationship
and the e, Po’» A* and g* are
known, the calculation of undrained stress—
strain relationships for normally consolidated
peat will become possible.

incre-

values of

Verification

In this section, the validity of the present
method for predicting the stress-strain rela-
tionships of peat is examined by using the
data from the triaxial tests under undrained
compression and extension conditions men-
tioned previously. The undrained stress-
strain equations shown as Eqgs. (17)-(19) are
based on the function of F(3). Therefore,
in order to predict accurately the stress—
strain behavior, it is necessary to determine
the appropriate function of F(y). Then,
based on the typical data in the UCL and
UEU Tests on V and H specimens of peat
with an ignition loss of about 709, the val-
ues of F(y) for any stress ratio calculated
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from Eq. (10) are plotted against stress ratio
y in Figs.21(a)-(¢). In these figures, the
solid curves are F(y) vs. 7 relationships
which were calculated in order to represent
appropriately the relationships which were
observed. From these results, F(3) for V
and H specimens under compression and for
H-specimens under extension can be approx-
imated by the exponential and linear func-
tions of ». That is, the F(3) vs. 5 relation-
ships for normally consolidated peat can be

[ Triaxial compression
(B [ UCL Test fo o
' V-specimen e 9§ /o
(o]
. 5 1 [ ]
30 No. Lig e, P Oo
r (%) (kPa) [
L o 2
FC?) O v-9 71 14.37 343 ~
[®v-4 70 16.34 197 0
L ° &
o o
20 F o B
(o)
- N
L o
10 O @ Observed
- ; Calculated with F(7)
B a = 0.086
i b = 1.5
1 1 1 1 1 1 A1 1 1 1 1 ] ] i
0 1.0 2.0
7
Fig. 21(a). F(z) vs. 7 relationship for

V-specimens in UCL Test

[ Triaxial compression
(%)} UCL Test

H-specimen o
- No, Lig e_ 7p' ©
n “o o
20 (%) (kPa) o

O H-10 68 19.34 100 g o
Ty LOB-3 73 16.12 99 o
! @ H-5

73 16.85 197

OB @ Observed

Calculated
a = 0.055
(b = 2.0
O d i} i} 1 L J
2.0

Fig. 21(b). F(y) vs. 7 relationship for
H-specimens in UCL Test

Triaxial extension T

UEU Test 4

® @O Observed

Calculated N
a = 0.075 120
1.0 1
41 FOD
H-specimen

No. Lig e,

(%) (kPa)

110

en-14 71  14.32 96
@H-15 70 15.84 199
OIH_IIGI 741 l:LSl.Z’I9 |9§ 1 1 1
~4.0 -3.0 -2.0 =1.0 0
7
Fig. 21(e). F () vs. 7 relationship for

H-specimens in UEU Test

represented as follows :

F(p) =an’ (20)
where a and b are experimental coefficients.
Also, as can be seen in Fig.22, from the
results of the UCL Test on V-specimens of
10%-85%, the effect of the amount of organ-
ic matter in the range equivalent dilatancy
behavior of peat will be approximately repre-
sented by the same exponential function of
» with different values of the coefficient a.
The degree of influence of the amount of or-

Compression A
20 veL Test >
(Z) L No. Lig p'(kPa) !
[ @ ° . 5
1Ov-29 85 100 o

8
O

4o0fav-4 70 197 [ o ©
Ov-30 40 199 &

]
® V-28 10 147
F(m) [ /Oggﬂ P
- 1.5 /4
30F Fm) =amn’ / o ;{
- V~specimen

f
: ;/“f{@

N

N
o

n
Fig. 22. Equivalent dilatancy behavior
for V-specimens with different
amounts of organic matter
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Peat specimen
2.7
(V—ZB GW Water
2.5 L Go Organic matter
Gs Soil particle
o™ i Specific gravity
s <<; =1.0
> w
5 f 1.5
S .
842.0F V=30
(5] L
-
“
e |
9]
(]
O
& 5
v-29
o0
1 5 i 1 1 L 1 i 1] I 1
70 20 40 60 80 100
Ignition loss Lig (%)
Fig. 23. Degree of amount of organic

matter

ganic matter on individual specimens is
shown as the positions plotted on the specific
gravity G, vs. ignition loss L;, plane in Fig.
23. In this figure, the solid curve is repre-
sented by the following equation :

B GG,
P~ Gy(1—L,,/100) + G, L,,/100

where G, is the specific gravity of the peat
specimen, and G,, G, and G, represent speci-
fic gravity of water, of soil particles, and
the organic matter itself, and these values
are assumed as G,=1.0, G,=2.7 and G,=
1.5, respectively.

Then, substituting Eq. (20) into Egs. (17)-
(19), respectively, for the cases of the UCL
and UEU Tests on V and H specimens, the
comparisons of the experimental and calcu-
lated results of effective stress paths, axial
strain vs. stress ratio and pore water pressure

G

2D

vs. axial strain relationships are shown in
Figs. 24-26. The coefficients prepared for the
calculations are indicated in Table 6. The
values of 1* can be determined from the iso-
tropic consolidation process data prior to
shear. By combining Eq. (18) with the con-
ditions at the critical state, dy/de;=0 and
de,> >0, the values of k* can be obtained
from the following equation (Mitachi et al,

[ Triaxial compressi
Look UCL Test
R,
3001
90
200F
100F
<
y
-
S
v 0 ' TO0 00300
p' (kPa)
Observed
=100 g No. Lig(%)
e O V-4 70
g o v-9 71
n O H-10 68
= A H-5 73
-2000 % @ H-16 74
3 0O H-15 70
)
\ S Calculated
o\ ‘\ﬁ\ D,
~n
=300 2]
Triaxial extension
UVEU Test
-4007
Fig. 24. Comparison of calculated

effective stress paths with

observed ones

1979 ; Yamaguchi et al, 1983) :

¥ =¥+ A [e"
2F(M") | 1+e,

_‘/< €, >2+4M’F’(M’)F(M’):| (22)

1+e A*
where F'(M’) and F(M") are F'(») and F(3)
at yp=DM', respectively. The measured val-
ues of k* were very close to those obtained
from Eq. (22). Also, the modified values of
M’ are dependent on the magnitude of the
cohesion intercept ¢/, but these values deter-
mined from the normally consolidated speci-
mens in the range of consolidation pressures
between 100kPa and 350kPa were about
0.98—1.1 times the measured values of M.
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rp &‘% [ No. Type Lig(%) p(’)(kPa) Observed Calcu.
© -’
—_ °/% 3_3 . V-4 UCL 70 197 o
o © al”" v-10 ve. 68 100 o ——
® LN _ o ———
\ ;3_ H-16 UEU 74 98 V-specimen
al 2090000700000 00
Triaxial extensio gr2.0
UEU Test e o
\ L 00©° iH—spec_imen
[ ———
|
.. Triaxial compression
UCL Test
[ —1 1 1 I 1 1 1 ! 1 1 L 1 i 1 i 1 L 1 1 1 1 ] 1 1 1 1 1 1 1 L N W
~10 -5 0 5 10 15 20. 25
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Fig. 25. Comparison of calculated stress ratio vs. axial strain relationships

with observed ones
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UCL Test a0
gm0 ¢ ]
= 300 | g2’ o=
£ a
S a0 B~ No. Lig(%) pé (kPa) Observed Calcu.
. a® V-4 70 197 e ——
< 500 V-9 71 343 o
o H-10 68 100 o —
2 a&_o_oo_o_a_o_a.ﬂn_o.o.a.o..ﬂo.oaoo.
@ AN H-5 73 197 A
-
5 |
100 L
5 BNy cpecimen H716 74 98 e —
5 £ 000 00000000™ 00
< C 2 -
© B-15 70 199 O
5 5 10 15 20 25
[a ¥ O i 1 [O T L 1 L1 [ L1 1]
Nrape s oY etow - Axial strain € (%)
Extension \H— . &
UEU Test specimen

Fig. 26. Comparison of calculated pore water pressure vs. axial strain

relationships with observed ones

As seen from Fig. 24, the calculated stress
paths agree fairly well with the observed
ones, because the stress paths predicted by
Eq. (17) are based on the dilatancy functions
which are experimentally derived from the ob-
served F() vs. 7 relationships. If the ex-
perimental relationships for dilatancy vs.
stress ratio relationships are simulated closely
by the dilatancy function, it will be natural
that the calculated stress paths agree with

the experimental results. On the other
hand, it can be seen that the degree of a-
greement between the experimental and cal-
culated values for stress ratio vs. axial strain
and pore water pressure vs. axial strain
curves is lower than that for the stress paths.
In particular, for the results of the UCL
Test on V-specimens it was found that the
calculated values exceed the observed values
of the strain increments for changes of 7 at
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Table 6. Values of coefficients used for calculation of
stress-strain relationships
No. L;,(%) bl kPa) 2 i* a b M Tests
V-4 70 197 5. 052 0. 450 0.086 L5 2.1 UCL
V-9 71 343 3. 463 0.435 0. 086 1.5 2.1 (V-specimen)
H-3 73 99 6.643 0. 387 0.055 2.0 1.4
H-5 73 197 4.975 0.394 0.055 2.0 1.4 UCL
H-10 68 100 6. 684 0. 428 0.055 2.0 1.4 (H-specimen)
H-14 71 9% 6. 284 0.388 0.075 1.0 3.3
H-15 70 199 4.828 0.413 0.075 1.0 3.3 UEU
H-16 74 98 6. 408 0. 401 0.075 1.0 3.3 (V-specimen)
V-28 10 147 1.605 0.170 0.040 1.5 —
V-29 85 100 6. 470 0.432 0.140 1.5 — UCL
V-30 40 199 3.147 0.375 0.073 L5 — (V-specimen)

small values of 7. However, as a first ap-
proximation, the present method——which
was derived from the existing theories on the
stress-strain relationships for normally consol-
idated clay soils would be very useful in
reaching a systematic understanding of the
undrained shear behavior of normally consol-
idated fibrous peat.

CONCLUSIONS

1) As well as in the case of inorganic
soils, the shear behavior of fibrous peat under
undrained compression or extension condi-
tions is not affected by the magnitude of con-
fining pressure prior to shear or by the load-
ing path during shear, and can be discussed
in terms of the effective stress.

2) The aniostropic fabric of fibrous peat
still remains after the end of isotropic con-
solidation and, to a considerable extent, ani-
sotropic shear behavior is observed.

3) The undrained shear behavior of peat
under compression conditions is quite distinct
from that under extension conditions due to
the effect of vegetal fibers ; however, the be-
havior under both compression and extension
conditions can be normalized by the consoli-
dation pressure.

4) Normally consolidated fibrous peat has
a cohesion intercept and shows very large val-
ues in undrained strength parameters com-
pared with those of inorganic soils. These
values are closely related to the amount of
organic matter involved.

5) As a first approximation, the proposed

method by the present authors, which was
derived from the existing theories on the
stress-strain relationships for clay soils by
reflecting the effect of fabric anisotropy in
the equivalent dilatancy vs. stress ratio rela-
tionships, would be very useful in arriving
at a quantitative understanding of the shear
behavior of normally consolidated specimens
of fibrous peat under compression and exten-
sion conditions.

NOTATION

Aj=pore pressure coeflicient at failure
F(p), F'(yp)=dilatancy function and differential
form of F(p)
L;,=ignition loss
Go, Gp, Gy, Gy =specific gravities of the organic
matter itself, peat, soil particles
and water
¢'=effective cohesion intercept
v=volumetric strain
ey, po'=e and p' at the end of consolidation
m=vertical intercept in the g, vs. p'
plane
', g=effective mean principal stress and
deviator stress, p'=(0,'+20,)/3
and g=0,—0,
?s'sqr=p' and g at failure
M, M’'=inclination of critical state line in
the g, vs. p;' plane
d,, (dg)e (do)g=increment of void ratio, compo-
nents due to effective mean prin-
cipal stress increment and devia-
toric stress increment of d,
(do)é, (do)f=elastic and plastic components of
CHP

(de)§, (do)f=elastic and plastic components of
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(doa
dy (dy)e (dy)g=increment of volumetric strain,
components due to effective mean
principal
deviatoric stress increment of d,
(@y°, (d,)?=clastic and plastic components of
dy
deg, deb, deh, =increment of deviatoric
elastic and plastic components of
deg, deg=des—d,[3
du=excess pore water pressure
p=shear stress ratio, p=g/p’
eq, §y=axial strain and ¢, at failure
A¥=inclination of normal consolidation
line in the In e vs. In p' plane
k*¥=inclination of swelling line in the
In e vs. In p' plane or value cal-
culated from Eq. (22)
o, =consolidation pressure
G4 04 =total and effective axial stresses
g, 0,/ =total and effective radial stresses
Oof's 0,7 =0, and ¢, at failure

stress increment and

strain,
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