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ABSTRACT

The intercept of the log(%®) - logs,” straight line is introduced to describe the
effect of the starting point on the compressibibfynatural and reconstituted clays. It
is found that when the effective stress exceedsrémeoulded yield stress, the
compression behaviour of reconstituted clays idrotiad solely by the water content
at the remoulded vyield stress and the liquid lilibmparison of the compression
behaviour of natural and reconstituted clays inégathat their difference in
compressibility is caused by soil structure anddHierence in water content at the
compression starting point. The compression belaval natural clays can be
classified into three regimes: 1) the pre-yield imeg characterised by small
compressibility with soil structure restraining theformation up to the consolidation
yield stress; 2) the transitional regime charasegtiby a gradual loss of soil structure
when the effective stress is between the consalgield stress and the transitional
stress; and 3) the post-transitional regime charsetd by the same change law in
compression behaviour as reconstituted clays whereffective stress is higher than
the transitional stress. For the investigated ¢lhysstransitional stress is 1.0-3.5 times
the consolidation yield stress. The compressiomndaries solely with the void ratio
at an effective stress of 1.0 kPa for both natala}s in post-transitional regime and
reconstituted clays when the effective stress edcéee remoulded yield stress, and
when compressed in such cases the compressionscafvieoth natural clays and
reconstituted clays can be normalised well to gumiine using the void index.

KEYWORDS: clays; compressibility; soil structure; laboratoests



NOTATION

o = transitional stress

oy’ = remoulded yield stress

o, = effective vertical stress

oy = consolidation yield stress

Cc = (€100~ €000

Ce = (€100~ €1000

CcL = compression index of natural clays in logélL+ logs,' plot

CcLr = compression index of reconstituted clays inlegjf — logs,' plot

e = void ratio

e, = void ratio abb,' = 1 kPa

e100= Vvoid ratio of natural clays at' = 100 kPa

€1000= Void ratio of natural clays at’ = 1000 kPa

e 100= Void ratio of reconstituted clays@t = 100 kPa

€ 1000= Void ratio of reconstituted clays@t = 1000 kPa

e = void ratio at liquid limit

e,r = void ratio at remoulded yield stress

e,y = void ratio at consolidation yield stress

EICL = extended intrinsic compression line

ICL = intrinsic compression line

Iy = void index, equal to (e —*160) / (e*loo— e*looo)

lvn = void index for natural clays, equal to (erege/ (€100 — €000

pre-yield regime = effective vertical stress lowsan consolidation yield stress

post-transitional regime = effective vertical sgrésgher than transitional stress

post-yield regime = effective vertical stress higtiian consolidation yield stress

r = coefficient of correlation

transitional regime = effective stress higher thansolidation yield stress but lower
than transitional stress

w, = liquid limit

Wp = natural water content

wy, = water content at remoulded yield stress



INTRODUCTION

Natural clays generally have a compression cumetdims of void ratice versus
effective vertical stresss,’ in the semi-logarithmic plane) lying above that of
reconstituted clays owing to the effect of soilusture (e.g. Leroueil et al., 1979;
Leroueil et al., 1985; Locat & Lefebvre, 1986; Leed & Vaughan, 1990;
Schmertmann, 1991; Cotecchia & Chandler, 1997; H&ngsuchida 1999). It is
common practice to refer to reconstituted clays rwhssessing the effect of soil
structure on the mechanical behaviour of naturdinsentary clays (e.g. Skempton &
Northey, 1953; Houston & Mitchell, 1969; NagarajS&inivasa Murthy, 1986; Hight
et al., 1987; Burland, 1990; Liu & Carter, 1999;ngo& Tsuchida, 1999; Chandler,
2000; Cotecchia & Chandler, 2000; Liu & Carter, @DAt has been recognised that
the soll structure restrains the deformation oluratclays under effective vertical
stress up to the consolidation yield stress, carmsdty resulting in the low
compressibility of clays until the stress level @ads the consolidation yield stress
(e.g. Butterfield, 1979; Holtz et al., 1986; Budari990). The difference of void ratio
between natural clays and reconstituted clayseaséime stress level often increases
with increasing consolidation stress up to the obdation yield stress, but decreases
when the applied stress level is larger than thesaldation yield stress (e.g. Liu &
Carter, 1999; Hong & Tsuchida, 1999; Liu & Cart2g00). Leroueil et al. (1985)
classified the compressive behaviour of naturglsclato two states: the intact state as
it occurs in natural deposits; and the destructsgtate referring to the breakdown of
the original clay structure when submitted to voétnc or shear deformations. The
former is related to elastic deformation whereas |dtter is related to elasto-plastic
deformation.

The main parameters affecting the compressibilitynatural clays in the
destructured state are not well understood. It lshibel noted that the void ratio or the
water content at the consolidation yield stresshfdural clays is different from that of
reconstituted clays. Hence, the difference in casgive behaviour between
destructured natural clays and the reconstitutagsctannot be directly attributed to
soil structure without considering the effect of gtarting state on compressibility. As
a result, the following questions arise: 1) whatthe fundamental mechanism
responsible for the compressive behaviour of nattleg/s at the destructured state
defined by Leroueil et al. (1985), i.e., when theess level is greater than the
consolidation yield stress? 2) how does the snikctiire of natural clays degrade with
increasing stress when the stress level reachesexgebds the consolidation yield
stress? 3) what is the fundamental mechanism whaises the difference in
compressibility between natural clays and recauntstit clays?

With these questions in mind, changes in compraisgilare first discussed in
this paper based on oedometer test data for rettdaedtclays having different initial
water contents and different liquid limits, in atieanpt to clarify the fundamental
mechanism responsible for the compressive behawbueconstituted clays. Then,
the compression behaviour of natural clays is itigated, and compared with that of
reconstituted clays in order to understand the rofe soil structure during
consolidation when the effective stress is gretitan the consolidation yield stress.
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Finally, the normalised compression behaviour ofurs clays is analysed and

compared with that of reconstituted clays in ortdebbetter understand the mechanism
responsible for the difference in compression behavbetween natural clays and

reconstituted clays.

FUNDAMENTAL MECHANISM FOR CHANGE IN COMPRESSBILITY OF
RECONSTITUTED CLAYS DURING CONSOLIDATION

Hong et al. (2010) performed 42 oedometer tesiauvestigate the compression
behaviour of three reconstituted clays (Lianyungelag; Baimahu clay; and Kemen
clay) with a wide range of initial water conterds, shown in Table 1. The test results
illustrate an inverse “S” shape of tlee— logs, compression curves, as typically
shown in Figure 1, similar to those of many natwafalys. This similarity in shape of
the e — logsy’ compression curves between natural clays and retdaed clays
indicates that there is a particular stress foomstituted clays which is similar to the
consolidation yield stress for natural clays. As fbe compression behaviour of
natural clays, the compression curves of reconstitaglays can be divided into two
lines which intersect at a particular stress. Smathpressibility occurs when the
effective stress is lower than this particular srewvhich acts in a similar role to the
consolidation yield stress of natural clays. Miltli£993) called this particular stress
the ‘pore water suction’, and indicated that tlgild limit for all fine-grained soils
corresponds to about 6.0 kPa of pore water suetimhabout 1.7-2.0 kPa of shearing
resistance. Hong et al. (2010) termed the partigtl@ss as suction pressure. Herein,
it is termed as the remoulded yield stregSto avoid confusion with descriptions of
the behaviour of unsaturated soils.

As typically shown in Figure 1, the compressibilitf a reconstituted clay
increases dramatically when the effective stredsigher than the remoulded yield
stress. For a given reconstituted clay, the conspoiisy of a reconstituted clay is
affected by the starting poing,(’, e,;) of the compression line whenever the effective
vertical stress is higher than the remoulded ysétdss. The,, is the void ratio at the
remoulded yield stress,”. Hence, the compression indéx depends on the values
of the remoulded yield stress and the void ratithatremoulded yield stress. Note
that the compression index of reconstituted claydefined as (Burland, 1990):

) ) Cc = (€ 100—€ 1000 (1)
where e 100 and e 1000 are the void ratios of the reconstituted clayshat effective
vertical stresses,” of 100 kPa and 1000 kPa, respectively. The stagpint G, &)
for reconstituted clays is similar to the startpgjnt (v, , e,) of the post-yield line
for natural clays when the effective stress is tgrethan the consolidation yield stress.
Note that the terms af,,, e, represent the consolidation yield stress and tié v
ratio at the consolidation yield stress, respebtive

To investigate the effect of the starting poinj’( e,r) on the compressibility of
reconstituted clays at effective vertical stres®le higher than the remoulded vyield
stress, the oedometer test data for Lianyungang Bemahu clay, and Kemen clay
reported by Hong et al. (2010) were considered.l#rne relationships o, versus
eyr andC. versusoy,” are given in Figures 2 and 3 respectively. Fgiven clay, the
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compression indeX. increases with increase in void ratio at the relohea yield
stresss,, and decreases with increase in the remoulded gtetsssy,”. It can be also
found that at the same value &f or at the same value of,’, the paramete€.
decreases in the order of Baimahu clay, Lianyungalay and Kemen clay.
Interestingly, it coincides with the order of dexsig liquid limits (see Table 1).
These results indicate that the compression indgxis greatly affected by the
parametersy,, oy, and the liquid limitw,. Hence, an index is needed to consider the
combined effects o, oy, andw_ on the compression behaviour of reconstituted
clays with different starting pointsy’, e,) and different liquid limits.

It has been well documented that the- logs,’ compression curves with an
inverse “S” shape for many natural clays can beessmted by two straight lines in a
plot of log(14€) or In(1+€) against log,” or Ins,” (e.g. Hashiguchi & Ueno, 1977;
Butterfield, 1979; Onitsuka et al., 1995; Sridhar&nPrakash, 1996; Hong &
Onitsuka, 1998; Hong, 2007). Hong et al. (201Q)siitated that the bilogarithmic
method can be also used to represent well the selerS-shapedke — log/
compression curves of reconstituted clays by twaigit lines. The stress at the
intersection point of the two straight lines is tt@nsolidation yield stress and the
remoulded yield stress for natural clays and rettioesd clays, respectively. Hence,
the following equations can be obtained for expngsshe compression curves of
natural clays in the post-yield regime and thoseeobnstituted clays for the effective
vertical stress higher than the remoulded yielesstr

log(1+e) = log(1+e — Ccirxlogo,”  (for reconstituted clays) (2)
log(1+e) = log(1+9 — Ccixlogo,” (for natural clays) 3)
The parametee; is the void ratio at an effective vertical stre$d kPa, andC¢ and
CcLr represent the compression index of natural clagsranonstituted clays in the
log(1+e) - logs,” plot, respectively.

It is indicated in Equations (2) and (3) that theercept of the straight post-yield
line of a natural clay or the straight line of aaestituted clay for the effective
vertical stress higher than the remoulded yieldsstrcorresponds to log@}, and is
simply represented by the paramegerFigure 4 schematically shows the concept of
e, for a given reconstituted clay with different ialtwater contents. As reported by
Hong et al. (2010), the starting poimt,(, e,) varies with the initial water content.
The higher the initial water content, the greasehe void ratio at the remoulded yield
stress, the lower is the remoulded yield stressaiit be observed in Figure 4 that a
unique value ok; can be expected for a given position @f( e,). That is, for a
given clay with a certain liquid limit, the diffanee in initial water content will result
in different positions ofd,", e,), and in turn different values @. In the same
fashion, reconstituted clays with different liquichits but at the same initial water
content still have different starting points of tt@mpression lines with the effective
vertical stress higher than the remoulded yielesstr consequently resulting in
different values of;. It should be mentioned that the paramesgtssy,”, and liquid
limit are not disassociated each other; they deda@ with the following equation as
described by Hong et al. (2010):

eyler = Wy/w = 2/((5yr,)0'42 (4)



where the remoulded yield stresg is expressed in kPa; the parameterepresents
the void ratio at liquid limit; the paramete, is the water content at the remoulded
yield stress. Equation (4) indicates that giveredain value of one parameter among
er oy and e, the other two parameters vary unambiguously. Tisatthe
reconstituted clays having different liquid limits different initial water contents
certainly have different positionsy(’, ), and thus different values ef. Hence, the
void ratio at 1 kPaef) can reflect the combined effects &f, o,,", ande_ on the
compression behaviour of reconstituted clays. Ia $itudy, the index; is used for
comparison of the compressibility of various reditnted clays at different initial
water contents.

Figure 5 shows the relationship betwe@n ande; for the three reconstituted
clays based on the oedometer test data reportetbbyg et al. (2010). It is interesting
to note that th€, increases solely with increaseenfor the three clays at different
initial water contents and with different liquidnits. This confirms that the indesg
can reflect the effect of the starting staig”( e,) on the compressibility of various
reconstituted clays at different initial water camiis when the effective vertical stress
is higher than the remoulded yield stress. Fohtrrinvestigating the effects of the
starting points of the compression lines at theatiife vertical stress higher than the
remoulded yield stress, the test data for otheonstituted clays compiled from the
available literature shown in Table 1 were useédtablish the relationship between
C. ande.. The liquid limits of the reconstituted clays coeewide range from 37% to
220%. All the data were obtained from multi-stagading oedometer tests. As
discussed by Hong et al. (2010), the logl+ logs, plot is appropriate for
interpreting the oedometer test data for Lianyuggaay, Baimahu clay and Kemen
clay by two straight lines. These three clays wested using a modified oedometer
apparatus with the first applied vertical stress leaw as 0.5 kPa. The other
reconstituted clays listed in Table 1 from the klde literature were tested in
conventional oedometers with a first vertical "ragenerally higher than the
remoulded yield stress. The oedometer test datthése reconstituted clays can be
interpreted by a straight line in the logé+ logs,” plot, as typically shown in Figure
6. The correlation coefficients for the 90 recanséid clays,r, reach as high as
0.97-1.00, most being larger than 0.99. Figure Gwshthe relationship betwed
ande; for all the 90 reconstituted clays investigateatjuding data of the three clays
reported by Hong et al. (2010). It is interestingnbte that a unique relationship is
obtained with the data reported by independentarekers. A regression analysis
gives the following equation with a correlation ffmgent r of 0.99.

. =0.183¢- 0.0021(g)? (5)
The unique relationship of. versuse; indicates that when the effective vertical
stress is higher than the remoulded yield stress,compression inde€.; of a
reconstituted clay depends solely on the starttatesand is a function of the void
ratio at the remoulded yield stress and the lidjondt.

On the other hand, Hong et al. (2010) reported the e-logs,” compression
curves of various reconstituted clays with différemtial water contents can be
normalised well with respect to the void indexvhen the effective vertical stress is



higher than the remoulded yield stress; whereas riot the case at the effective
vertical stress being smaller than the remouldettl\stress, in which the compression
curves lie on the left of the normalised line, &hd I,-logs,” curve with a higher
initial water content lies above that with a lowsttial water content, as typically
shown in Figure 8.
The void indeX, is defined by Burland (1990) as follows.

ly = (e — €100 / (€ 100— € 1000 = (€ — €100 / Cc (6)
The normalised compression curve for reconstituiegs at different initial water
contents and with different liquid limits is desajad as the extended intrinsic
compression line (EICL) by Hong et al. (2010), whaan be expressed as:

I, =3.0-1.87 log, +0.179 (logy')? (7)
whereg,” is expressed in kPa. The EICL extends the iritrioempression line (ICL)
of Burland (1990) to wider ranges for both of thmtial water content and the
effective vertical stress: 0.7 - 2.0 times the iiiglimit and as low as 1.5 kPa,
respectively. It was demonstrated that when thecgffe vertical stress is higher than
25 kPa, the EICL coincides with the ICL suggestedBurland (1990) which is
expressed by Equation (8).

ly = 2.45 — 1.285 log + 0.015 (log,)* (8)
whereg,” is expressed in kPa. Within the range of effecthiress from 1.5 kPa to
about 10 kPa, the EICL lies a little above the IEong et al., 2010). Note that
Burland (1990) suggested that ICL should be usdy fam effective vertical stress
ranging from 10 kPa to 4000 kPa. All the 90 rectumstd clays have a normalised
behaviour of compression curves with respect tovtiid index only if the effective
vertical stress is higher than the remoulded y#ttdss, the same as Figure 8 of this
study and Figure 13 in Hong et al. (2010).

COMPARISON OF COMPRESSBILITY BETWEEN NATURAL CLAYS AND
RECONSTITUTED CLAYS

It has been well known that the compression behavad natural clays differs
from that of remoulded clays, as schematically show Figure 9. Although the
undisturbed and the remoulded specimens have the satial water content (i.e.
natural water content,), the consolidation yield stress of the undistdrbpecimen is
higher than the remoulded yield stress due to thessructure formed during the
depositional and the post-depositional processesicé] the compression starting
point of the post-yield line for the undisturbedesimen differs from that of the
remoulded specimen at the remoulded yield strelsat iB, the water content or the
void ratio of a natural clay at the consolidatioaly stress is greater than that of the
reconstituted clay at the same stress. As illustrah the previous section, the
compressibility of reconstituted clay is greatlyeated by the water content at the
starting point. The difference in water contentta starting point between natural
clays and remoulded clays should be an importabfaesponsible for the difference
in compressibility. In the same fashion as in thmalgsis for the compression
behaviour of reconstituted clays, the indgxs also adopted to analyse the difference
in compressibility between natural clays and retituted clays. For this purpose, the
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relationships between the compression index anghdén@meter; for various natural
clays should be established, and then compared Egjttation (5) established based
on reconstituted clays to clarify the role of watmntent on the difference in
compressibility between reconstituted clays andinaatlays. The data for the natural
clays investigated here includes Ariake clays atlteroclays compiled from the
available literature. For comparison purposes, dbmpression indexXC. of natural
clays is defined as:

Cc = (é100— €000 (9)
wheree;go anderggo are the void ratios of natural clays at effectreetical stresses,”
of 100kPaand 100kPa, respectively.

The oedometer test data for natural Ariake clayewlesposed here to investigate
the compressibility of natural clays, as shown abl€ 2. These data were used by
Hong & Han (2007) for quantitatively evaluating thegrees of sample disturbance.
The clays have a wide spectrum of liquid limitsagismg from 34% to 140%. These
data can be also interpreted well by two straigted in the log(1e) - logs,” plot, as
typically shown in Figure 10. The relationship beem C. and e; for all the
investigated 119 Ariake specimens listed in Tablés Zhown in Figure 11. The
relationship from Equation (5) for reconstitutedyd is also plotted in the same figure
for comparison. It is interesting to note that plaeameteC; has a unique relationship
with the parametee; for all the natural Ariake clays investigated; mamportantly,
the relationship betwee@. and e, for natural Ariake clays is consistent with the
relationship of C. versus e; for reconstituted clays. This indicates that the
compression indef; for natural Ariake clays should be the same astimepression
indexC, for reconstituted clays, if they have the sameeaife;. In other words, the
difference in compressibility between undisturbedl aemoulded specimens of a
given natural Ariake clay is caused by the diffeeenn the starting point as
schematically shown in Figure 9. Consequently, cbmpressibility of the natural
Ariake clays investigated depends solely on thel vatio or the water content at the
consolidation yield stress and the liquid limit, evhthe applied stress reaches and
exceeds the consolidation yield stress. Such dtresggests that once the effective
vertical stress overcomes the consolidation yitdekss, which is the result of complex
geological processes involving deposition environtneconsolidation, erosion,
thixotropic hardening, leaching, weathering etcdescribed by Leroueil et al. (1985),
the natural Ariake clays investigated have the samm@nge law in compression
behavior as the corresponding reconstituted clays.

In order to further compare the compressibility ather natural clays with
reconstituted clays, the oedometer test data @rathtural clays were compiled from
the available literature, as shown in Table 3. &ino the reconstituted clays listed in
Table 1 and the natural Ariake clays in Table 2tz data were obtained from
multi-stage loading oedometer tests. The liquidtBmange from 34% to 122%, and
the natural water contents vary from 41% to 120%.aforementioned, the index
can be used to assess the compressibility of natlags when they have a linear
log(1+e) - logs,” line in the post-yield regime. However, there am® types of
compression curves for the natural clays liste@able 3, as typically shown in Figure



12. The oedometer test data for the natural cldyBype one can be interpreted by
two straight lines in the log(®) - logs,” plot, like the natural Ariake clays listed in
Table 2. But the compression curves for the natgtays of Type two have a
transitional drop zone just after the consolidatjoeld stress is exceeded. That is,
there are three zones in the logél+logs,” plot. The range of stress for the middle
zone varies from the consolidation yield stressthite transitional stress;. The
transitional stress is defined as the stress radplerfor the starting point of the third
straight line defining for the behaviour of Typeotwlays. Its value is about 1.4-3.5
times the consolidation yield stress for the ingeged clays, as shown in Figure 13.
The behaviour of Type one clays may be consideseadspecial case of the behaviour
of Type two clays, in which the range of stresgririhe consolidation yield stress to
the transitional stress is extremely narrow. Thevabphenomenon implies that the
shape of compression curves and the degradatitredoil structure associated with
the irreversible deformation for various naturahyd may depend on the specific
mechanism responsible for the presence of soilctstre. The existence of the
transitional regime implies the gradual change iorostructure during consolidation
associated with the relatively large deformation tie transitional regime. The
absence of the transitional regime indicates a dti@ngchange in microstructure at the
vicinity of the consolidation yield stress assoethtvith little change in deformation,
as illustrated by Hong et al. (2006). Several redesrs have investigated the change
in microstructure of soils during consolidationg(eCollins & McGown, 1974; Delage
& Lefebvre, 1984; Griffiths & Joshi, 1989; Tanakal&cat, 1999; Hong et al., 2006).
However, more studies on changes in microscopiel leuring consolidation are
needed in the future to better understand the nmeing responsible for the existence
of the transitional regime in some natural clayd om absence in others.

In the analysis of the natural clays of Type twte value ofe; is obtained by
extending the third straight line after the trainsial stress up to the effective vertical
stress of 1 kPa. Figure 14 gives the relationskepveenC. ande; for the natural
clays listed in Table 3, including both Type oné dpe two clays. It can be seen that
the relationship for natural clays of Type one he post-yield regime is consistent
with that of Type two clays when the effective @t stress is higher than the
transitional stress. It is encouraging to note thatrelationship for natural clays listed
in Table 3 is almost identical to that by Equati@) established based on
reconstituted clays, even though the test data wemgpiled from literature reported
by independent researchers.

The above analysis illustrates that the compredsétraviour of natural clays can
be classified into three regimes: 1) the pre-yiadime with small compressibility
when the effective stress is lower than the codatbn yield stress; 2) the
transitional regime with gradual loss of soil sttwe when the effective stress is
higher than the consolidation yield stress but lothan the transitional stress; and 3)
the post-transitional regime when the effectivessris higher than the transitional
stress, in which natural clays have the same chiwgé compression behaviour as
reconstituted clays. In some cases, the transltipoae can be ignored when the
transitional stress is close to the consolidatiehdystress.
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Note that the three regimes mentioned above farrabsoils are important for
both theoretical development and practice. When eliod the compression
behaviour of natural clays, it is clear that theeéhregimes should be accounted for by
adopting different equations; in practice, mucheratibn should be paid on the
transitional regime because this regime corresptm@s unstable soil state and the
compression behaviour is characterised by a ‘cedlapature.

NORMALISED BEHAVIOUR OF NATURAL CLAYS

For normalising the compression behaviour of nattleys, the void indeX, is
introduced witheroo and C instead ofeigo andC. in Equation (6), expressed as
follows.

lvn = (€ — €00) / (€ro0— @000 = (€ — &00) / C¢ (10)

It should be pointed out that unlike the remoulgesdd stress of reconstituted clays,
the consolidation yield stress of Type one clayhar transitional stress of Type two
clay may be greater than 100 kPa. In such a @ggis situated in the pre-yield
regime or in the transitional regime. Consequentlygan no longer be used for
calculating the void index to normalise the comgi@s curves. To tackle this
problem, the values @& oo are determined by extrapolating the linear paatsitional
bilogarithmic line.

The compression curves of natural Ariake clays show Figure 10 were
normalised with the void indel, defined in Equation (10), as shown in Figure 15. |
can be seen that the relationship between theindek I, and the effective vertical
stress for the six natural Ariake clays becomeigueline when the effective vertical
stress is higher than the consolidation yield stredereas the oedometer test data in
the pre-yield regime cannot be normalised. Suchmabsed behaviour of natural
Ariake clays is similar to that of various reconged clays at different initial water
contents. Figure 16 shows the normalised valueég, af the post-yield regime for all
the natural Ariake clays investigated. The intinsompression line (ICL) and the
extended intrinsic compression line (EICL) are atbémwn in the same figure for
comparisons. It can be seen that the oedometeda¢stof 119 natural Ariake clays
can be normalised with the void index defined inu&gn (10), when the data is in
the post-yield regime. It is interesting to notattivhen the effective vertical stress is
higher than 40 kPa, the normalised behaviour afrabAriake clays can be expressed
well by the intrinsic compression line (ICL) whietas proposed by Burland (1990)
based on the test data of reconstituted clays. Memvehe experimental data of
natural Ariake clays lie a little above the ICL,danloser to the EICL when the
effective vertical stress is lower than 20 kPa.

The oedometer test data of Figure 12 were re-gati¢he form of the void index
lvn Versus log,”, as shown in Figure 17. It can be seen that lngs ®f Type one can
be normalised well with the void indéx, when the effective vertical stress is higher
than the consolidation yield stress. This normdlisehaviour is the same as that of
the natural Ariake clays (see Figure 15). Howefar, Type two clays, only if the
effective vertical stress is higher than the tramsal stress, can the compression
curves be normalised with the void index Within the range of stress level from the
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consolidation yield stress to the transitionalsgr¢he values df, for Type two clays
lie above the normalised line, and gradually cogeetoward the ICL when the
effective stress approaches the transitional stidgs compression curves normalised
with respect td,,, for Type one clays listed in Table 3 in the pasig/regime are also
compared with the ICL (see Figure 18), showing thaty are identical. Figure 19
gives the normalised oedometer test data for Tyoectays listed in Table 3 with the
effective vertical stress higher than the transdiostress. It can be seen that the
normalised data are also consistent with the isiticrompression line (ICL). The
above results indicate that the compression cwiesitural clays can be normalised
well with regard to the void index defined by Eqoat (10) when the effective
vertical stress is higher than the transitionasstly whereas the compression curves of
natural clays in the pre-yield regime and in thensitional regime cannot be
normalised with the void index.

CONCLUSIONS

When the effective stress is greater than the rédeduyield stress for
reconstituted clays or larger than the transitiosakess for natural clays, the
extrapolated void ratio at an effective stress.6fkPa €;) can be used as a powerful
index for reflecting the combined effects of botfe tinitial water content at the
starting point and the liquid limit on compressiyil and the compression index
increases uniquely with increaseeanfor all the investigated reconstituted and natural
clays having a wide range of liquid limits. The qure relationship can be expressed
asC. = 0.182 - 0.0021¢)%

The compressibility of a reconstituted clay depeondsthree parameters: the
remoulded yield stress, the void ratio at the relaeaiyield stress and the liquid limit.
When the effective stress is lower than the renmenlilgeld stress, the compressibility
is mainly controlled by the remoulded yield stredsch restrains the deformation in
the same fashion as the consolidation yield swéssitural clays. When the effective
stress is larger than the remoulded yield strégscompressibility of a reconstituted
clay depends solely on the void ratio at the remhedlyield stress and the liquid limit.

The compression behaviour of a natural clay caoldssified into three regimes:
the pre-yield regime characterised by small congipddy up to the consolidation
yield stress with soil structure restraining thdodmation; the transitional regime
with gradual loss of soil structure when the efiextstress is between the
consolidation yield stress and the transitionassty and the post-transitional regime
characterised by the same change law in compressgbaviour as a reconstituted
clay when the effective stress is higher than thesitional stress. In some cases, the
transitional zone can be ignored if the transitigieess is close to the consolidation
yield stress.

The compression curves of both natural clays in tthesitional regime and
reconstituted clays when the effective stressrigelathan the remoulded vyield stress
can be normalised well with the void index, coresist with the normalised
compression line (ICL) for reconstituted clays segjgd by Burland (1990).

12
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Table 1. Sources of reconstituted clays

Soils Initial water content  Liquid limit  Plastic limit Density of soil particles Source of data
(%) (%) (%) (gle?y
Calcium montmorillonite Clay - 189-220 31-35 2.80 Me&Olson (1971)
Sail Clay 158 158 - 2.83 Nagaraj & Srinivasa (1983)
Black Cotton Clay 84-97 84-97 - 2.65-2.73 Nagaraj & Basa (1983); Nagaraj et al. (1993)
Red Soil 39-50 37-50 18-27 2.63-2.70 Nagaraj & Srinivasa (1983); Nagaraj et al. (19%8)dharan & Nagaraj (20(
Brown Soil 58-62 59-62 - 2.65 Nagaraj et al. (1993)dBaran & Nagaraj (2000)
Bentonite Clay 300 300 70 2.80 Nagaraj & Srinivasa (3983
Bothkennar Clay 65-85 67-85 24-41 2.64-2.80 Hight ef1892); Allman & Atkinson (1992)
Silty Soil 39 39 30 2.65 Sridharan & Nagaraj (2000)
Cochin Clay 56 56 38 2.61 Sridharan & Nagaraj (2000)
lllitic Soil 73 73 52 2.58 Sridharan & Nagaraj (2000)
BC Soil 74 74 36 2.70 Sridharan & Nagaraj (2000)
Kaolinite Clay 42-74 42-59 26-45 2.64-2.68 Sridharan &gdraj (2000); Cerato & Lutenegger (2004)
Attapulgite Clay 202-354 202 108 2.83 Cerato & Lutenedg604)
Atchafalaya Clay 101-177 101 35 2.80 Cerato & Lutene@geds)
Boston Blue Clay 45-79 45 23 2.80 Cerato & Luteneggé042
Lianyungang Clay 50-146 74 33 2.71 Hong et al. (2010)
Baimahu Clay 64-180 91 38 2.65 Hong et al. (2010)
Kemen Clay 43-122 61 30 2.67 Hong et al. (2010)
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Table 2. Physical indices of natural Ariake clays

Locations of Ariake clays Depth Natural water contemtiquid limit ~ Plastic limit Density of soil particles dirce of data
(m) (%) (%) (%) (g/cn?y
Ashikari 2-38 30-124 34-100 17-41 2.48-2.67 Hong and 2407)
Hama 1-18 71-168 39-129 23-53 2.37-2.66
Ariake 2-40 31-145 66-140 20-47 2.58-2.68
Fukudomi 2-14 32-149 44-103 21-49 2.51-2.67
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Table 3. Sources of natural clays from literature

Soils Depth  Natural water content  Liquid limit  Plastic limit Dsity of soil particles Type Source of data
(m) (%) (%) (%) (gfen?)
Varved clay 15-31 53-60 69-73 24-26 2.73-2.75 Type one Quigley & Ogunbadejo (1972)
Bothkennar 5-14 59-83 71-85 26-41 - Type one Hight et al. (1992)
Shniho clay 18-31 50-66 53-67 14-33 2.63-2.69 Type one Chung et al. (2004)
Jangyu clay 6-18 63-100 57-69 22-31 2.69-2.72 Type one Chung et al. (2004)
Eulsookdo clay 21-35 44-59 42-59 17-26 2.65-2.72 Type one Chung et al. (2004)
Kimhae clay 13-22 41-47 37-47 16-28 2.72-2.73 Type one Chung et al. (2004)
Mekong Delta clay  2-14 74-79 69-72 37-38 - Type one Giao et al. (2008)
Osaka Bay clays 73 69 100 38 - Type one  Watabe et al¢ 2008)
Singapore marine clay 25-41 - 82-92 - 2.74-2.79 Type one Low et al. (2008)
Champlain clay - 70-75 50-60 25-28 2.80 Type two Yong &bkaj (1977); Silvestri (1984)
Grande-Baleine clay - - 34 21 - Type two Locat & Lefeb{#883)
Backebol clay 50 81 74 28 - Type two Tavenas et al. (1983)
Batiscan clay - 86-88 49 22 2.80 Type two Feng (1991)
Berthierville clay - 57-63 46 24 2.80 Type two Feng (1991)
St.-Hilaire clay - 65-84 55 23 2.80 Type two Feng (1991)
Vasby clay - 102-120 108-122 36-41 2.75 Type two Feng1)199
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®m Type one, Osaka Bay, by Watabe et al. (2008)

O Type one, Bothkennar, by Hight et al. (1992)
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Fig. 12.Typical compression curves of two types of natalays listed in Table 3
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clays listed in Table 3
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Fig. 18.Normalised behaviour with void index, Ifor natural clays of Type one in
post-yield regime
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Fig. 19.Normalised behaviour with void indey, ffor natural clays of Type two with
effective vertical stresses larger than transitistre@sses
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