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ABSTRACT

This paper discusses the consolidation behaviour of a diatomaceous mudstone, which is best
featured as a naturally cemented material having a highly porous skeleton. Part I of the paper
presents the results of isotropic consolidation tests as well as falling-head permeability tests, all
of which were performed on undisturbed specimens of the mudstone by wusing a high-pressure
triaxial cell.  The principal findings include: (1) the mudstone exhibits distinct yielding when it
straddles the pre-consolidation pressure; (2) the secondary compression is negligibly small before
the initial yielding, but becomes very pronounced when loaded sensibly above the pre-consolidation
pressure; and (3) the logarithm of the coefficient of permeability decreases linearly with decreasing
void ratio.

In part IT of the paper, an associated series of coupled-stress flow analyses of the consolidation
tests is performed in terms of the method of finite elements. An adapted version of the elasto-
viscoplastic constitutive model (Sekiguchi, 1977) is implemented into the analysis procedure. The
procedure of determining the constitutive parameters is described. It is then shown that the pre-
dicted performances compare tavourably with the measured performances of consolidation in a
consistent manner, thus validating the relevance of the elasto—viscoplastic formulation adopted.

Key words : consolidation test, constitutive equation of soil, finite element method, mudstone,
permeability, plasticity, rheology, secondary compression, water pressure, yield (IGC:D5/E2)
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their skeleton.

Geotechnical properties of those mudstones
have recently received much attention. The
construction of a 1050-meter long, pile~
supported bridge over Nanao Bay underlain
by the Wakura diatomaceous mudstone was
epochmaking in this regard (Yamada and
Matsuse, 1981 ; Nishida et al., 1985). Indeed
it has not only aroused a specific interest in
the performance of steel pipe piles driven into
that mudstone, but has helped to call for an
integrated knowledge about the basic, mechani-
cal properties of those diatomaceous mud-
stones in general (Maekawa and Miyakita,
1983; Sekiguchi et al., 1985 among others).

The present paper consists of two parts.
Part I will present an organized set of data of
the isotropic consolidation tests on undisturbed
specimens of a diatomaceous mudstone sam-
pled from Suzu. An emphasis will be placed
on the consolidation behaviour when straddling
the pre-consolidation pressure, p.’. Note that
the terminology ‘‘pre-consolidation pressure”’ is
used hereinafter to refer specifically to the
inviscid initial-yield pressure such as illustreted
in Fig. 2. The permeability characteristics of
the mudstone will be quantified directly from
falling-head permeability tests. In Part II of
the paper, those sets of experimental data will
be utilized as a sort of ‘‘data base’”, against
which the predictive capability of an elasto—
viscoplastic constitutive model (Sekiguchi, 1977)
will be assessed, along with coupled stress-flow
analyses of the consolidation tests in terms of
the method of finite elements.

PART I
EXPERIMENTAL INVESTIGATION

THE DIATOMACEOUS MUDSTONE
INVESTIGATED

The diatomaceous mudstone studied in this
paper was sampled in the form of undisturbed
blocks, 400 mm in each direction, from the
face of an adit of a furnace factory in Suzu
city (Fig.1). The mudstone was remarkably
homogeneous, intact and fully saturated in

Table 1. Physical properties of the diatomaceous
mudstone from Suzu, Noto Peninsula

Natural water content: wn =116.7%
Natural void ratio: en =2.576
Specific gravity: Gs =2.233

Unit density: ot =1.353 g/cm3
Unconfined compressive gqu =20.7 kgf/cm?
strength: (2.03 MPa)
Pre-consolidation P’ =25 kgf/cm?
pressure: (2.45 MPa)
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Fig. 1. Distribution of diatomaceous mudstones
in the Noto Peninsula, Japan

Lz

the field. Its basic, physical properties are
summarized in Table 1. The very porous
nature of the mudstone can be noticed from
the high value of natural void ratio, es., and
the low specific gravity, Gs. The value of pre-
consolidation pressure p.’=25 kgf/cm? (2.45
MPa) could then be said ‘“very high’’, in view
of such a porous skeleton of the mudstone,
suggesting the occurrence of distinct break-
down in structure when loaded beyond p.’.
This will prove to be the case later in this

paper.
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EXPERIMENTAL PROCEDURE

The present experimental program consists
of isotropic consolidation tests and falling—
head permeability tests. All the tests were
performed on cylindrical specimens of 50 mm
in diameter and 100 mm long, by using a
triaxial cell having a maximum, allowable
pressure of 75 kgf/cm? (7.35 MPa). Drainage
in the consolidation tests was allowed only
from the top surface of the specimen, and
the porewater pressures at the base of the
specimen were measured with an electric
transducer of strain-gauge type.

Isotropic Consolidation Tests

A total of five isotropic consolidation tests
was performed on five identical specimens of
the mudstone, at different consolidation pres-
sures. The loading conditions adopted are
illustrated in Fig. 2. Each specimen was in-
itially brought to equilibrium under a confining
pressure po,=0.5 kgf/cm? (0.049 MPa). Then

it was subjected instantaneously to an incre--

ment of pressure to reach a prescribed confin-
ing pressure, py, and was left to consolidate
with time at that pressure. The consolidation
pressures selected were 20, 30, 40, 55 and 70
kgf/em? (1.96, 2.94, 3.92, 5.39, 6.86 MPa).
Note that all but one specimen straddled the
pre-consolidation pressure, p.” = 25 kgf/cm?
(2.45 MPa) during their consolidation pres-
sures.

Falling-Head Permeability Tests

Staged, falling-head permeability tests were
performed on an undisturbed specimen of the
mudstone so that the variation in permeability
with void ratio may directly be assessed. The
sequence of the permeability tests is illustrated
in Fig. 3.

Each permeability test was designed to com-
mence when the consolidation phase of the
specimen at a given pressure had substantially
been completed. This procedure proved to
apply nicely to the first three tests in which
the specimen remained essentially elastic. How-
ever, it was felt necessary to modify the
procedure when the specimen underwent the

g= 0—1" G;
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Fig. 2. Loading conditions for the isotropic
consolidation tests
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Fig. 3. Sequence of the falling-head permeability
tests

initial yielding at p=p.’ and started to exhibit
marked creep under a constant effective stress.
This is the reason why the specimen was
allowed to rebound in the later two tests be-
fore going into the permeability testing.

In all the five permeability tests an initial
excess head of 1.45 meters in water was care-
fully applied to the base of the specimen by
means of a water—filled, graduated glass tube
of 5 mm in diameter. The upward seepage in
the specimen was thus allowed to occur in a
steady-state fashion, and the associated drop
in water level in the stand-pipe was measured
for 24 hours. The drainage system connected
to the specimen base was then closed, and
the specimen was consolidated again at a higher
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pressure to take a lower void ratio and the per-
meability testing was resumed as appropriate.

PRESENTATION OF EXPERIMENTAL
RESULTS

Isotropic Consolidation Tests
Let &, be the overall volumetric strain of a
specimen undergoing consolidation. That is,
&= (Vo—V)/ Vo
where V and V, respectively denote the cur-
rent and the initial volume of the specimen.
The measured volume changes with time in
all the five isotropic consolidation tests are

shown in Fig. 4. Hereunder time z=0 refers
to the instant when the confining pressure, p,
was increased to py. It is seen that the shape
of the compression curve in test 2 differs mark-
edly from more familiar shape such as observed
in tests 3, 4, and 5. This well reflects the fact
that in test 2 the ratio ps/p.’ is as small as 1. 2
and the influence of creep becomes relatively
higher (Leonards and Girault, 1961).

The measured variations with time in the
excess porewater pressure, pw, at the base of
each specimen, are shown in Fig. 5. It is seen
that the excess porewater pressures in tests 1
and 2 dissipate almost completely within some
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Fig. 4. Measured developments of the overall velumetric strain with time
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Fig. 5. Measured processes of dissipation of the excess porewater
pressure at the specimen base with time
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Fig. 6. Measured developments of the effective pressure at the specimen

base with time

20 minutes. The pattern of behaviour different
from this can be noticed for tests 3, 4 and 5.
That is to say, the py —log # curve in each
of those tests exhibits the ‘“‘double sigmoid’.
The first sigmoidal portion until # = 20 minutes
or thereabouts reflects the essentially elastic
behaviour of the overconsolidated specimen
before yielding. The second sigmoid reflects the
inelastic behaviour of the specimen that has
been brought into normally consolidated states.

These aspects can be seen more clearly from]’

Fig. 6. Here the effective pressure, p’/, at the

base of the specimen is plotted against the®"

elapsed time on a logarithmic scale. The pre-
consolidation pressure, p./, is also indicated
on the diagram. It is noted that each of the
#’ —log# curves for tests 3, 4 and 5 has an
inflection point (or plateau) when the effective
pressure, p’, at the base of the specimen has
just increased to a level sensibly above p,’. This
is a consequence of the strain-rate dependency
of yielding pressure (Leroueil et al., 1983; Seki-
guchi, 1985) and will be discussed on a quanti-
tative basis in Part II of the present paper.
Figs. 7 and 8 summarize the stress-compress-
ibility data from the present series of isotrop-
ic consolidation tests, together with those
from the multi-step isotropic consolidation tests
separately conducted. The consolidation period
in the latter series of tests was chosen to be
1 day for the consolidation pressures p < 25

kgf/em? (2.45 MPa), while the consolidation
period under the consolidation pressures p>
25 kgf/cm? (2. 45 MPa) was chosen in the range
of 9900-14400 minutes. Let us discuss Fig. 7
first.  The open circles on this figure corre-
spond to the final readings of the present
isotropic consolidation tests. The swelling
process following the consolidation phase in
test 5 is also indicated for reference. The results
of the separate series of multi-step isotropic

Isotropic Pressure, p'(kgfem?)
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Fig. 7. Measured stress-compressibility perform-
ance in e — log p’ diagram
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consolidation tests are plotted with the solid
- circles. They clearly show that the specimens
underwent a rapid increase in compressibility
when a critical. pressure equal to 25 kgf/cm?®
(2. 45 MPa) was exceeded. Note that this par-
ticular value has already been referred to in
this paper as the pre-consolidation pressure,
po’, of the mudstone under investigation.

Let 2 be the (inelastic) compression index
defined by

A= —de/dlnp’ = —0. 434 de/dlog p’.

Then a closer examination of the compression
curve joining the solid circles on Fig. 7 reveals
that the compression index is highest in value
somewhere around p’=30 kgf/cm? (2. 94 MPa),
and then decreases gradually with increasing
pressure. The largest value of the compression
index is: 1=1.234. Such a pressure dependency
of the compression index will receive a proper
allowance in the analyses described in part IT
of the present paper.

Let us now discuss Fig. 8. Only the com-
pressibility of the specimens before initial yield-
ing is depicted in this figure, on the basis of
test 1 in the present series (marked by the
open circle) and of the tests separately per-
formed (marked by the solid circles). The data
points proved to be best fitted with a straight
line through the origin as indicated, giving
K=1043 kgf/cm?® (102. 2 MPa). Here K is the
bulk modulus in terms of effective stress and
will be referred to again later.

Let a be the secondary compression index,
which is defined as

a=de,/dln £=0. 434 de,/dlog ¢.
Fig. 9 shows the relations between the secon-
dary compression index and consolidation pres-
sure in the present series of five isotropic
consolidation tests. The following points can
be made. First, the tendency of secondary
compression of the mudstone before initial
yielding is weak, if any. Second, the mudstone
exhibits secondary compression at the highest
rate in terms of a@ when loaded sensibly beyond
the pre—consolidation pressure. Third, its rate of
secondary compression in terms of a decreases
remarkably with increasing pressure and comes
to a practically constant level at high pres-
sures. It is of interest 0} mention that basically
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Fig. 8. Measured stress-compressibility perfor-
mance within a domain of overconsolidation
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Fig. 9. Measured variation in the coefficient
of secondary compression with consolidation
pressure

the same features have been observed for
naturally cemented clays (Walker and Raymond,
1968 ; Mesri and Godlewski, 1977).

Falling-Head Permeability Tests
The results of the permeability tests are

indicated in Fig. 10, in the form of e versus
log k. Here % stands for the coefficient of per-
meability, and e represents the void ratio in
each of the permeability tests. It is seen that
the data points can be fitted with a straight
line taking the following form:

e=eo+Cx log (klko)

=eo+Ax In (k/ko).

Here %, is a reference value of % at e = e,
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Fig. 10. Measured variation in the coefficient
of permeability with veid ratio

and A = 0.434 Ci represents a material con-
stant governing the rate of change in perme-
ability due to the change in void ratio. The
value of A, = 0.688 thus determined will be
used in the consolidation analyses described
later.

PART II
ELASTO-VISCOPLASTIC CONSOLIDA-
TION ANALYSES

METHOD OF ANALYSIS

Coupled stress—flow analyses using the meth-
od of finite elements were performed to lead
to an integrated understanding of the perform-
ance of the isotropic consolidation tests de-
scribed in part I. The results of analyses will
be presented in the subsequent sections.

The finite-element code used in the present
study is basically the same as that developed
by Sekiguchi, Nishida and Kanai (1981). Fig.
11 shows the finite-element mesh adopted for
the present analyses, together with the bound-
ary conditions imposed. Only the half of the
triaxial specimen is discretized as indicated,
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Fig. 11. Finite-element discretization adopted

in view of the axi-symmetric nature of the
problem. Four-noded, isoparametric ring ele-
ments are used. The primary unknowns asso-
ciated with a single element consist of two
displacement-increments at every node, togeth-
er with an excess porewater pressure at the
element centroid. The equations of equilibrium
and continuity are formulated in terms of
such unknowns, along with elasto-viscoplastic
constitutive relations for the skeleton and
Darcy’s law for the porewater flow. The finite-
element equations assembled in a matrix form
are solved using the method of Gaussian elim-
ination.

ELASTOV-ISCOPLASTIC CONSTITUTIVE
MODEL ADOPTED

An elasto-viscoplastic constitutive model de-
veloped by Sekiguchi (1977) was implemented
into the analysis procedure.

The basic assumption of the model is that
the total strain rate, &;;, consists of the visco-
plastic and elastic parts as follows:
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€iy=EiP +&ij° (1)
where the superscripts p and e denote the
viscoplastic and the elastic part, respectively.

The viscoplastic strain rate, é:;?, is specified
in terms of ‘‘static’’ yield function f as follows:

il ol )
+ 7 exp(-f——&ﬂ>} (2)

Here, o:; is the effective stress tensor, &,? is
the viscoplastic volumetric strain, « is the sec-
ondary compression index and 9, is the ref-
erence volumetric strain rate. In order to
keep the present discussion simple, let us in-
troduce the following form of the static yield
function:

fEgoo e (3)

where 2 is the inelastic compression index,

defined earlier, £ is the so-called swelling in-

dex and p.” is the pre-consolidation pressure.
The elastic response is assumed to obey

éij KP,BM_{-ZG (4-)
for <0, and
< e £ P" 1
S gy p Y Tags )

for £> 0. Here K is the bulk modulus, G
the modulus of shear rigidity and si; the devi-
atoric stress tensor. It is important to note
that the swelling index, &, may be related to
the bulk modulus, K, in the form:

— P’ (1 +e)

= (6)

in view of the ‘‘continuity of elastic compress-
ibility”” at p’=p.’ .

Let us derive a specific equation governing
the intrinsic creep of the skeleton. Consider
that the effective pressure, p’, is increased in-
stantaneously from a starting value, po’, to a
final value, ps’>p.’, and then maintained con-
stant With time. It then follows that

& () = (Pc —po’) + + In(ps'[pe")
+a ln!:l + exp(f/a):l (7)
where
fe{ =S merip).(8)

Eq. (7) will later be referred to as the intrin-
sic creep equation. The adjective ‘‘intrinsic’’
is used to emphasize that Eq. (7) deals solely
with the volumetric creep which is intrinsic to
the soil skeleton (Sekiguchi et al., 1985). Thus
no hydrodynamic time lag is involved in Eg.
(7) itself. The third term on the right-hand
side of Eq. (7), i.e. the viscoplastic com-
ponent of volumetric strain &,?, is zero at =0
as a consequence of the formulation.

DETERMINATION OF CONSTITUTIVE
PARAMETERS

The constitutive parameters were determined
on the basis of the experimental results de-
scribed in part I, and are summarized in Table 2.

A remark first made is as to how the
pressure~dependency of the compression index
(Fig. 7) is allowed for in the present analyses.
A sort of a secant modulus on the e — logp’

Table 2 Consititutive parameters determined

Pressure condition (kgf/cm?)

0530 | 0.5~40 | 05-55 | 0.5-70
Compression index: 4 1.234 1.234 1.031 0. 957
Secondary compression index: « 0.0167 0. 0091 0. 0066 0. 0066

Common values
Initial void ratio: eo=2.573

Pre~consolidation pressure: pc' =25 kgf/cm? (2.45 MPa)

Bulk modulus: K=1043 kgf/cm? (102.2 MPa)

Swelling index: £=0.0857

Reference volumetric strain rate: vo=0.22X10-5/minute
Initial coefficient of permeability: Zo=0.71X10-8 em/minute
Rate of permeability change due to the void ratio: 2x=0.683
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diagram is actually adopted as the compression
index, depending on the value of p;’. That is
to say, use is made of the slope of a segment
that connects the point of initial yielding to
the point of final readings for each consoli-
dation test. The pressure-dependency of the
coefficient of secondary compression (Fig.9)
is allowed for in a similar, approximate fash-
ion. That is, the value of @ measured in
each consolidation test is directly used for the
analysis of that particular test.

The procedure of determining the reference
volumetric strain rate, 9,, deserves a remark as
well. Recallthat the intrinsic creep equation (7)
contains the reference volumetric strain rate
as a parameter, and that this particular equa-
tion should govern the behaviour of the speci-
men after the excess porewater pressures have
substantially dissipated. These features permit
the reference volumetric strain rate to be
backfigured on the basis of the observed vol-
umetric behaviour. Specifically, the overall vol-
umetric strain at an arbitrarily chosen time
of #=2880 minutes under given stress condi-
tions was used in Eq. (7) to give a value of
¥ for that particular test. Such calculations
for tests 2, 3, 4 and 5 showed that the refer-
ence volumetric strain rate falls in the range
between 0.133X107% min~! and 0.308x10-®
min~!. It was then decided to take the aver-
age value of 0.22X10-% min~! as the representa-
tive of the reference volumetric strain rate.
No such calculation was needed for test 1,
because the entirely elastic response was
assumed in the consolidation analysis.

101

The procedure of determining the other pa-
rameters was straightforward, and their values
are summarized in Table 2.

COMPARISON BETWEEN THE CAL-
CULATED AND MEASURED PERFORM-
ANCES

Figs. 12(a) through (e) show the calculated
and measured volumetric behaviour in all the
five isotropic consolidation tests. The corre-
sponding performances of the dissipation of
excess porewater pressures at the base of the
specimen, are shown in Figs. 13 (a) through (e).

In the present analysis no creep is assumed
to occur before the initial yielding. Thus the
calculated curve in Fig. 12 (a) exhibits a tend-
ency to converge to a horizontal line after
an elapsed time of 30 minutes has been ex-
ceeded, whereas the experimental curve indi-
cates a marginal creep there.

The significance of creep deformation may
be well conceived from test 2 (see Fig. 12(b)).
The broken curve is based on Eq.(7) and
represents the intrinsic creep behaviour of the
skeleton at constant effective stress. The solid
curve represents the calculated, overall volu-
metric behaviour of the specimen. Thus the
delay in the development of overall volumetric
strains in the early phase should be regarded
as a consequence of the ‘“partial drainage’,
the very nature of consolidation. Indeed, the
solid curve tends to merge into the intrinsic
creep curve as time elapses. Essentially the
same [predicted pattern of behaviour can be
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seen for tests 3, 4 and 5, with the influence of
partial drainage getting higher (Figs. 12 (c),
(d), (e)). It should be noted that the calcu-
lated performances of overall volumetric be-
haviour compare favourably with the corre-
sponding measured performances.

Good agreement between the calculated and
measured performances of dissipation of excess
porewater pressures can be noted from Figs. 13.
The pw—log# curves of double sigmoid are
nicely reproduced for tests 3, 4, and 5, as
shown in Figs. 13(c), (d), (e). Such a double
sigmoidal pattern is characteristic of the con-

solidation behaviour of a specimen when it
turns itself from overconsolidated to normally
consolidated, while the total stress is main-
tained constant for £ > 0. Note that this inter-
esting behaviour also is beyond the scope of
classic theories of consolidation.

DISCUSSION

The predictive capability of the elasto—visco-
plastic model has proved to be reasonably
good. It should, however, be admitted that the
measurements were limited to the overall
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. 14 Calculated performances of the dissipation of excess porewater

(a) the behaviour when remaining overconsolidated
(b) the behaviour when undergoing initial yielding
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Fig. 15. Calculated state paths of three indi-
vidual elements in a specimen undergoing
consolidation

volume-changes of the specimen as well as
the excess porewater pressures at the base of
the specimen. More detailed discussion will be
possible if the information on the behaviour
of individual elements of a specimen under-
going consolidation becomes available. Such
attempts have been made for clays by several
investigators (Berre and Iverson, 1972; Aboshi
et al., 1981; Mesri and Choi, 1985 among
others). It was thus decided to present subse-
quently some additional results of calculation
so as to encourage the future research in that
direction.

Fig. 14 typifies the predicted differences in
the rate of digsipation of the excess porewater
pressures in five different elements of a spec-
imen. The locations of those elements are
indicated in Fig. 11. The behaviour when the
specimen remains elastic is illustrated in Fig.
14(a) for a reference of comparison. The be-
haviour when the specimen undergoes initial
yielding during consolidation, is exemplified
in Fig. 14 (b). It is interesting to note that the
double sigmoidal pattern is manifested by such
elements as J, H and F, which are located
nearer to the impermeable base of the speci-
men.

Fig. 15 exemplifies the state paths that are
followed by three representative elements B, D
and J in a specimen undergoing consolidation.
The locations of those elements in the speci-
men are indicated in Fig. 11. A closer look at
the state paths of elements J, D and B on Fig.

15 reveals that the yield pressure of an individ-
ual element tends to increase as the element is
located nearer to the drainage boundary and
is subjected to higher strain rates. Indeed, such
a rate~dependency of yield pressure is a con-
sequence of the elasto-viscoplastic formulation
adopted in the present study. Let us now look
at the chain—dotted line on Fig. 15. This rep-
resents the inviscid, elastoplastic response that
would be exhibited by all the elements in the
specimen if the intrinsic rate-dependency of
the skeleton was totally absent. Note that the
experimental evidence in this study has con-
sistently favoured the elasto~viscoplastic for-
mulation. This does not assert that the com-
pressibility of diatomaceous mudstones is com-
pletely understood. Rather, it is felt that the
compressibility modelling at and around the
pre-consolidation pressure needs a scrutiny.
It is hoped that the foregoing discussions
arouse a further interest in the compressibility
of naturally cemented diatomaceous mudstones,
in close relation to the behaviour of naturally
cemented Pleistocene clays as well as alluvial
clays treated by means of cementing agents.

CONCLUSIONS

The isotropic consolidation behaviour of a
diatomaceous mudstone from Suzu, Noto Pen-
insula has been discussed in detail. The mud-
stone may be best featured as a naturally
emented material with a highly porous skele-
ton. Part I of the paper has indicated: (1)
the compressibility of the mudstone increases
rapidly when loaded beyond the pre-consolida-
tion pressure; (2) the secondary compression is
negligibly small before the initial yielding, but
becomes very significant when loaded sensibly
above the pre—consolidation pressure; and
(8) the logarithm of the coefficient of
permeability decreases linearly withdecreasing
void ratio. The basic, experimental aspects of
elasto—viscoplastic consolidation have been sum-
marized in Part I of the paper, and their
detailed analyses have been performed in Part
II. A series of coupled stress-flow analyses
has been made using the method of finite ele-
ments, along with an adapted version of the
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elasto-viscoplastic constitutive model(Sekiguchi,
1977). 1t has been shown that the predicted
performances of consolidation compare favour-
ably with the measured performances, thus
validating the usefulness of the constitutive
model adopted.
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