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Abstract. This paper presents a bounding surface model predicting the condffeer of
cementation and partial saturation on the mechanical behaviour of soils subjected to isotropic
loadng. The loss of cementation causedldgding, wetting or dryingf a normally consolidated

soil LV GHVFULEHG E\ D 3FHP H QW3 gtaefK@t, BriRl€vitgin@anditioQsk-tél R Q
ratio between cemented and uncemented voidsnamotonically decreases with increasing levels

of scaled stres§ he scaled stress the variable governinte intrinsic behaviour of the soil under

both saturat# and unsaturated conditiol@ombination of the cementation bounding function with

a previously proposed modek unsaturated soil behaviolegads to the formulationod 3FHPHQWHG
XQLILHG QRUPDO FRPSUHNMesMeOthe)tidin BeBalvigur of both cemented

and uncemented soils under saturated and unsaturated con@itigressive yielding is modelled

by assuming that the slope of thenericloadingcurve tends towards the slope of the CUNCL as

the soil state moves from overconsolidated to virgin conditions. The model has been calibrated and
validated againgtxistingexperimental datdemonstrating a good ability to predibe void ratio

of cementedsoils during isotropic loadingunloadingand wettingunder both saturated and
unsaturated conditions.

] rulesthat goverrthe transitionbetweenthe two regimes
1 Introduction At each stressincrement, it is therefore necessary to
establishwhether the soik behavinglastially or elaste

Soils areoften found in naturen a cemented sta@nd  astially in orderto use the right set of equat®mvhich
under partially saturatezbnditions The evolution of bth increasegomputational demarsd

cementation and partial saturatiduringloading wetting To overcome these limitationghis paper proposea
or dryingpathsstrongly affecs the mechanical behaviour 4 nding surfae modethatpredictsthegradual yielding
of soils On onehand cementationis progressively  of ynsaturated cemented sailsbjected to isotropic loads
damaged as the applied loads increase the inter- without any discontinuitybetween elastic and elasto

particle linkages are destroyedOn the other, rainfall  yjagtic states The formulationis alsoable topredict the
infiltration and evapotranspiratioghange the degree of - gmgothyariation of void ratioduring loadingunloading
saturationof the soi| thusmodifying the capillary bond cycles.

between particles The modeloriginates from the definitionf acementation
Over _the_ last three decade;, researchers have develop%nding functionwhich describeshe progressivdoss of
constitutive laws that predict the gradual losssofl porosity sustainedy cementation ashe scaled stress
cementation under increasirigads [1-11]. However,  increases under virgin conditignand the inter-particle

these mpdelaeglec_lthe effect of partial saturation on the linkagesaretherefore destroyedhe scaled stress ike
mechanical behaviour of cemented solisher authors  cqngiitutive variablegoverning the behaviour ofthe

have instead désedmechanical modelthatpredict the  ncemented soil under both saturated and unsaturated
unsaturated behaviour withcatcounting for the effectof .4 ditions. The cementation bonding function is then
cementation[12-20]. Only a handful of studiehave  compined with thainsaturatednodelby [27] to definea

proposed elastoplastic modéfeat take intoaccount the  cementedunified Normal CompressiorLine (CUNCL)
combined effect of cementation and partial saturg@an describingthe virgin behaviour oboth cemented and

26]. These modelsadopt distinct sets of equations 10 ncemented soils under unsaturated and saturated
describehe soil behaviour ithe elastic and elastgastic conditions.

regimesby introducingyielding surface and hardening
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Overconsolidated states are described by assuming thdn this paperthe UNCLis further extendetb take into
the slope of a generic loading path tends asymptotically toaccount the effect of cementatioo this end the
the slope of the CUNCL as the soil state moves towardsfollowing cementation bonding functias introducedo
the CUNCLitself. describaheprogressiveeduction otheratio betweethe
The completemodel requiressevenparameterswhich  cementedand uncemented void ratige— (calculatedat a

haveaclearphysical meaning anarethereforerelatively . led st q . diti ith
easy to calibrateThree of these parameters govern the given meanscaled s resunder V'rg"l concitionswi
mechanical behaviour of the unsaturated uncemented soif © ¢ 2>"9 levels of meataled stress:

under virgin conditionswhich is heregeferredto asthe e (Rep\Ae

“intrinsic behaviour” [28]. Additionally, wo parameters o= (T) ()
describeheeffect of cementation undeirgin conditions

i.e. the“cemented behaviour”. Finally, the remaining two ~ wherethe parameteri, defines therate at whichinter-
parameters describeha progressive yielding and particlelinkagesare brokerwith increasing stresgvels
hysteretic behaviour of the overconsolidated soil. while theparameteRr is thevalue ofmeanscaled stress
The model has been calibrated and validated againstorresponthg to a ratio — = 2%. An alternative
isotropic tests on cemented soil samplesder both y
saturated andnsaturated condition29]. Results show
thatthe modekanpredict the main features océmented
unsaturated soibehavioursuch asthe occurrence of
gradual yielding andwvettinginduced collapse. Further
work is neededo couple the present mechanital with

a water retentionlaw (similar to [30) and incorporate
norrisotropic  stress states so that a complete
hydromechanical framework for cemented unsaturated

expression of the cementuation bonding function is
obtained by applying logarithms to both sides of Equation
(3), thusgiving:

log i = —A.log (fﬁ) 4)

which, after combination witlequation (1) leads to the
following form of the CUNCL.:

soilscan be developed Ac
iy

loge = -1, log ﬁ% (5)

2 Bounding surface mechanical model Pref(R+D)'P
) ) The definition of‘mean cemented scaled stress” p as
2.1. Normally consolidated behaviour
_ (Zc

The model originates from the Unified Normal 5= ﬁ(L)’lv (6)

CompressionLine (UNCL) [27], which describs the R+p.

Virgin variationof void ratioeu in uncemented soilsnder leads toamore Compacexpressiomf the CUNCL:
both saturated and unsaturated conditiongerms of a

single stress variableamed mean scaled strgss loge = —1,log ( P ) (7
. p 5ref
l =—1 log-> 1 _ . .
09 €u p 095 D hose slopé., in thelog e, — log p planeis identical to

the slopeof the UNCL in the log e,, — log p plane In
Equation (7),p,.r is the mean cemented scaled stress
corresponding to aunitary void ratio and therefore
coincides withp,..;, althoughthe symbop, . is usedhere

for consistency with the mean cemented scaled stress.
The virgin behaviour of uncemented and cemented soils
under both saturated and unsaturated conditions is

wherel, andp,.; are two model parametempresenng
the slope and intercept of the UNQlespectivelyjn the
log e, — log p plane.

The mean scaled stregds definedby [27] as the product
of the mean average skeleton sti@dso known as Bishop
stressp’ anda power function ofhedegree of saturation

S therefore described by a total of five parametgrs.
Ar Apy A Drer, R @anda,).
A . .
p=S7"p (2) The CUNCL expressed by Equation (7) delimits the

) ] region of overconsolidated soil states in theg e, —
wherethe mean average skeleton strgsds defined as 55 5 plane Inside this region, loading and unloading

P’ =P —uq + S5, wheres = u, —u, isthesuction,p paths are defined by incréag anddecreaimg valuesof

is the mean total stress, is thepore air pressure ang, mean cemented scaled stress, respectivélyne

is the pore water pressureThe model parameter4, mathematical formulation of both loading and unloading
definesthe rateat which the prosity sustained binter- paths is detailed in the following section.

particle capillary bond reduces as degree of saturation

increase$27].

Note that thescaled stresg in Equation (2)becomes  2-2 Overconsolidated behaviour

equal to the Terzaghi’s effective stress when the degree of
saturation is equal to one agritence the UNCL reduces
to the normal compression line (NCL) of saturatedssoil

Similar to 7], the modelassumes that the slope of a
generic loading patlin the log e, — log p planetends
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monotonically towards the slope of the CUNCL as this is = 14
ol e=— (14)
approachegwhichis expressed as: p
dloge 5\ The integration constarti; is uniqueto eachunloading
dloss ~ (p?i) ) path ands determined by imposing suitable boundary

condition, i.e.by introducinga known pair of valuesof
Equation (8) states thtie derivativeof the loading curve  void ratio and meamemented scaled streés, ,p,) in

2198¢ js equal to the slopg, of the CUNCLscaledby a  Equation (14ps

dlogp

factor smaller than onélhe scaling factolis a power Cy = eopk (15)
function of the ratio between the current value of mean

cemented scaled strgsandtheimage valuey;, while the In summary, thecompletemodel for overconsolidated

exponenty is anadditional model parameteTheimage soilsrequiressevenmaterialparameters
valueof mean cemented scaled strss obtained from @) three parameters(4,, 4, and p,.,) describingthe

the CUNCL corresponding tahe currentlevel of void normally consolidated behaviouof the reference
ratio andis thereforeobtained by inverting Equation (7) unsaturated sofi.e. the intrinsic behaviour)
as b) two parametersR and A.) describingthe effect of
) cementation on the normally consolidated behaviour
D = ””;f 9 of the reference unsaturated sfie. the cemented
v behaviouy;

_ c¢) finally, two additional parameterg @ndk) describing
Thereforethe ratioé is always lower than one and tends the gradual yielding and the hysteretiehaviour of
g the overconsolidatesbil.
Note that the intrinsic behaviour of theferencesoil can
be recoveredby setting one of the two cemented
parametersj.e. R or 4., to zero. Thisimplies that the

to one as the loading path approaches the CUNCL
By substituting Equation 9§ into Equation §), the
following differentialform is obtained

A mean cemented scaled str¢sdefined by Equation (6)
dloge _ _ p(p_e p) (10) reducesto the mean scaled stregs and hence the
dlogp Pref constitutiveformulation reduces tthatproposed byZ7]

] ] ] for uncemented unsaturated soil
which can be integrated in a closed forso that all  The following sections present the calibration ahd
loading paths are described by the following expression: subsequent validation of the proposed model ag#iest
1p experimental datpublished by[29].
= Y -
e= [(” ) +CL] Y (11)
DPref

3 Model calibration

The integration constag, is uniqueto each loading path
and is determinedby imposing a suitable boundary
condition, i.e.by introducinga known pair of valuesof
void ratio and mean cemented scaled strésg, py) in
Equation (11ps

Model parameters were calibrated against two sets of
isotropic  loadingunloading tests on samples of
compacted cemented safZb]. Each set included two
tests, namely one loadinghloading cycle under saturated
conditions and one loadingnloading cycle under

-L Y unsaturated conditions at a constant suction of 50 kPa

Co=e, " — (ﬂ) (12)  (Figures 1 and 2)
Pref The samples othe first setof testswere prepared by

During unloadingthe derivative of the logarithm of void ~Mixing sand, filler and cemenin the proportiors of
ratio with respect to the logarithm of mean cemented 96:3:1 while in the second set of tedtese proportions
scaled stress iassumed constant aretjual to-x as werevaried t096:2:2. The percentage of fines (i.e. filler

follows: and cement) ithereforeequal to 4%of the total masfor
both set®f testsalthough heaveragespecific gravityGg
dloge _ . (13) is 2.65 for the first set and 2.64 for the seceatldue to

dlogp theslightly different proportions of cement and filler

According to the nomenclature adopted[B9], each set
is identifiedby thecorrespondingement rati@, which is
the percentage of oeentwith respect to the total amount
of fines (i.e. cement plus filler) The cement rati@ is
therefore25% for the irst set of tests and 50%6r the
secondset of tests

Samples were compactedinder a static pressure
comprisedbetween 10 and 20 kRd awater content of
4% to attaina target dry density of 1380 kgfnThis
resulted in gpostcompaction void ratiaf 0.92 for the
first setof testsandof 0.91 for the seconsetof tests

This assumption implies that all unloading paths are linear
with identical slopsin thelog e, — log p plane It also
meansthat the swelling indexx is not affected by
cementation and capillary bonding, whose effects are
alreadyincorporatedin the definition ofthe cemented
scaled stress.

Similar to loading paths, Equation (13) can be integrated
in a closed form so that all unloading paths are desdri

by the followingexpression
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Thesevenmodel parameters.¢. A, A,, p,f, ¥, k, R and
A.) weresimultaneoushcalibratedby means ofa multi-
variatebestfit of Equations {1) and (4) to theloading
and unloadingbranches, respectively, dfie tests from
both sets Identical values of the intrinsic and
overconsolidategharametergi.e. 1,,, 4., Dres, ¥ @andk)
wereimposedfor bath setsof teststo reflect the similar
nature of the reference sdih contrast the valueof the
cemented parametelise( R andA.) wereallowed to vary
between the two sets to account forthe different
cementation ratios (i.€.= 25% andc = 50%).

In each loadingunloading cyclethe integration constant
C, of the first loadingpathwas treated as an additional
fitting parameterwhile the integration constant; of the
subsequent unloadimmathwas calculatedisingEquation
(15) to ensurethe continuity of the stress path at the
reversalpointbetween loading and unloading.

Table 1 summases the values of all modebmmeters
together with the integration constant, (treated as
independent fitting parameters) adg (calculated by
means of Equation (15)) ddll loading and unloading
paths performedn the two sets of samplés. c = 25%
and ¢ = 50%) under both saturated and unsaturated
conditions.

Note that experimental values thie degree of saturation

were used for the calculation of the cemented scaled stres

duringthesimulationof each testNevertheless, predicted
values of degree of saturation colle equally useifl the
mechanical frameworls coupled witha retention model
similar to [30]

Saturated
O s=50kPa
=——Calibration

Void ratio e (-), natural scale

c=25%

10 100
Mean average skeleton stress p’ (kPa), log scale

1000

Fig. 1. Model calibration against saturated and unsaturated
loadingunloadingtess on samples wittcement ratia@ = 25%
(theunsaturatedest wagerformedat constant suction of 50
kPa) Experimental data from [29].
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1000

Figures 1 and 2 show the very good fit of the calibrated Fig. 2. Model calibration against saturated and unsaturated
curves to the experimental data for both sets of tests, thuéPadingunioadingtestson samples witieement ratia = 50%

confirming the ability of the model toeproduce the

variation of void ratio at different degrees of cementation

(theunsaturatedest waperformedat constant suction of 50
kPa) Experimental data from [29].

under both saturated and unsaturated conditions. Note
also that, for the saturated tests, the mean average skeletep Model validation

VWUHVV UHGXFHV WR 7HU]DJKLYV

Table 1. Values of model parametessd integration constants

Cement ratio ¢

25% 50%
Ap 0.013
Virging intrinsic =
behaviour ref 62.9 kPa
A, 4.22 x 16
Virgin cemented Ac 0.170 0.869
behaviour R 1982 153
Overconsolidated 14 0.045
behaviour K 2.34 x 164
Integration Saturated  1.406 1.288
constans C;,
(independenfitting  g=50kpa  1.410 1.327
parameters)
Integration Saturated  0.883 0.893
constant<,
(dependenfitting  s=50kpa  0.875 0.892
parameters)

HITHFWLYH VWUHVV

The capability of the proposed model to predict the
mechanical behaviour of cemented unsaturated soils is
assessed against additionestswhich werenot usedn

the calibration. In all simulations, the first integration
constantvascalculatedy imposing that theexperimental
and predicted/aluescoincideat the beginning afhetest
while the subsequenintegration constanwascalculated

by imposng the continuityof the predicted cungatthe
transition between consecutive pathsAs for the
cdibration stage experimental values ahe degree of
saturation were used during the simulations for
calculating the cemented scaled stress.

Figure 3 showshe experimental and predicted curves of
aloadingwettingtest on a unsaturatedoil sample with

a cement ratie of 25%. The test consig of an isotropic
loading path ABwherethemean net stress increa$mm
40kPa to600kPa at constant suction bd0kPa, followed

by a wetting path BQwherethe suctiondecreasefrom
100kPato 5 kPaata constant mean net stres$60kPa
Inspection of Figure 3 indicates that the proposed model
is able to capturboththe gradual yieldingluring loading
and thesmall collapseuponwetting.

Figure 4 showshe experimental and predicted curves of
a loadingunloadingteston an unsaturated sogample
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with a cement rati@ of 50%. Duringthe testthe mean
net stressncrease§rom 45 kPato 615 kPa and then
decreasgbackto 110kPa at a constant suction2§ kPa.

Even thougtthe modepredictiors slightly underestimate
the variation of void ratio during loadingthe general
trends of yielding upon loadingand swelling upon
unloading areeasonablyvell captured.

5 Conclusions

This paper has presented a bounding surface mod
capable of predicting the combined effect of cementation
and partial saturation on the mechanical behaviour of soils
subjected tasotropic stress states. The model is based on

the definition of a cementai bonding function that
relates cemented and uncemented void satiler virgin

a) 092
(@) O Experiment
= Prediction

090

0.88

084

Void ratio e (-), natural scale

c=25%

10 100 1000

Mean net stress p - u, (kPa), log scale

) Experiment
A — Prediction

o
]
£

c=25%

0.82

1 10 100
Suction s (kPa), log scale

Fig. 3. Model prediction ofunsaturatedoadingwetting teston
sample withcement raticc = 2%%: (a) void ratio vs mean net
stress andb) void ratio vs suction.Experimental data from
[29].
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o
@
b

¢=50%

0.82

10 100 1000

Mean net stress p - u, (kPa), log scale
Fig. 4. Model prediction ofunsaturatedoadingunloading test
on sample witltement ratia = 50%.Experimental data from
[29].

conditions According to this functionthe extra porosity
sustained by cementatiomeduces as interparticle
linkages are gradually broken under increasing stress
The combination of the cementation bonding function
with a previously proposed modé&r unsaturated soil
behaviourhasresuled in the definition ofa cemented
unified normal compression line (CUNCL) that predicts
the virgin behaviour oboth uncemented and cemented
soils under saturated and unsaturated conditions. The
CUNCL is expressed iterms ofa singleconstitutive
eyariable named thanean cemented scaled stredsich
depends oboththemean average skeleton stressdthe
degree of saturationThe mean cemented scaled stress
reduces to Terzaghi’s effective stress in the case of a
saurated uncemented soil, i.e. when the degree of
saturation becomes equal to one and at least one of the
cemented parameterszero.

The CUNCL defines a region of overconsolidated soil
stateswhere loading and unloading paths are respectively
defined by the increase and decrease ofthe mean
cemented scaled stre&adual yielding iseproducedy
assuming that the slope thfe generic loading path tends
to the slope of the CUNCL as the soil state approaches the
CUNCL. Instead, during unloading, the model assumes a
linear relationship between the logaritiofrvoid ratio and

the logarithm of the mean cemented scaled stress.
Loading and unloading paths are described by two closed
form equatios that can also predict the hysteretic
behaviour of soilgluring cycles of stress and/or suction
The modelis formulated in terms ofeven parameters
describing the intrinsic behaviour ofnormally and
overconsolidated soilsunder both unsaturated and
saturated conditiongnd theeffect of cementation on the
behaviour of theormally consolidatedoil.

The model performance has been validated against
laboratory tests performedn cemented soil samples
under saturated and unsaturated conditi@usnparison
between experimental and predicted daashown the
model is abléo capture the maifeatures oEementedad
unsaturated soilbehaviour. Further workshould be
directed towards the extension of the present formulation
to nonisotropic stress states atietincorporation of soil
water retention in order to produce a robust
hydromechanicaiodel forpractical applications
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