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Influence of the soil fabric on the
mechanical behaviour of unsaturated and saturated clays
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Bentonite, a smectite clay, is widely used in geotechnical engineering as drilling mud, liner material, and it has
been proposed as buffer and backfill material for high-level nuclear waste disposal. Landfills are used worldwide
as a means of municipal solid waste disposal, and are at times built in close proximity to urban zones, and overtop
groundwater resources, leading to potential contamination of potable and industrial water supplies. Liners are
used to create an impermeable layer beneath landfills to prevent the leachate, created by water percolating through
the waste, from escaping the landfill and contaminating the surrounding soil and water. Nuclear waste disposal
is also a growing concern due to the increase in radioactive waste around the world. Facilities are designed to
store radioactive waste containers, also known as canisters, several hundreds of meters below ground level in
intact rock surrounded by buffer material. The basic function of the buffer material is to immobilize the containers
while creating a low permeability layer around them. This allows the waste to be isolated from the surrounding
environment, limiting the access of water to the containers, preventing the migration of waste materials, and
transferring the heat from the nuclear waste to the host rock (Tripathy et al. 2004). Engineered clay barriers have
been proposed as suitable buffer materials as they provide “low hydraulic conductivity, low ion diffusivity, [and]
good self-sealing capacities” (Marcial et al. 2002),

Bentonite is an attractive material for clay liners and buffer materials due to its unique self-healing behaviour, low
permeability, and its ability to adsorb and prevent the migration of contaminants/radionuclides. Recent studies
have shown that the hydraulic conductivity of bentonite is mainly determined by the dry density ( y t). However,
conventional geotechnical practice has shown that the behaviour of clays is governed by stress history such as the
maximum consolidation pressure (pmax) and the soil microstructure.

Therefore the study of the microstructure formation of bentonite, limited at this time, would not only provide a
better understanding of its rheological properties, and but would also enable the development of a methodology
capable of predicting its behaviour when exposed to water. The objectives of this study were to gain an under-
standing of the effects of varying degrees of saturation on the soil fabric of clay, and the effects that the soil fabric
has on the mechanical properties. Two types of clays were used in this study, Kunigel-V1, a bentonite, and NSF
Clay, a non-swelling clay used to provide a comparison between swelling and non-swelling clay behaviour. The
effects of the degree of saturation on the soil fabric were studied by looking at the soil fabric through Scanning
Electron Microscopy (SEM), Mercury Intrusion Porosimetry (MIP), and X-ray Computed Tomography (X-ray
CT). Three types of samples were tested: unsaturated samples, submerged samples, and consolidated samples, all
of which provided a range of degrees of saturation, ranging from dry (0 percent) to fully saturated (100 percent).
The effect of the soil fabric on the mechanical behaviour, namely the compression, which affects the permeability,
and strength, was studied though Constant Rate of Strain (CRS) Consolidation and Constant Volume Direct Shear
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(CVDS) testing. Additionally, the effects of different types of compaction on the soil fabric of clays were also
examined through static and dynamic compaction. Static compaction was carried out using CRS Consolidation,
while dynamic compaction was carried out using Japanese Proctor Compaction.

A study of the microstructure revealed that in a dry state, NSF Clay was dispersed, while Kunigel-V1 was slightly
aggregated. This aggregation is attributed to the mining methods of Kunigel-V1, and also its’ higher natural

water content, 5.0 to 6.2 percent versus 0.2 to 0.5 percent for NSF Clay. The introduction of water resulted in
the formation of aggregates in both clays. The formation of aggregates caused air and water to become trapped
between the particles, resulting in the formation of micro-pores (inter-aggregate pores) and macro-pores (inter-
aggregate pores).

In Kunigel-V1 swelling and aggregation of the existing aggregates was observed, resulting in a non-homogenous
soil fabric in the unsaturated samples. The higher the water content, the larger the aggregates formed, and thus the
larger volume and size of macro-pores present, as seen in the SEM and MIP results. A further addition in water,
in the form of sample submergence, resulted in the collapse of the aggregates, and the eventual formation of a
homogenous mixture, as the particles tried to arrange themselves in face-to-face aggregation.

In NSF Clay the aggregation of aggregates also occurred, but at higher water contents (higher than 30 percent) a
homogenous soil fabric was observed, resulting in a decrease in the initial void ratio, compression index, and the
pore entrance diameter during CRS testing and MIP, respectively. SEM images also showed the collapse of NSF
clay aggregates with an increase in water content and the development of face-to-face aggregation.

The effect of the soil fabric on the mechanical behaviour, namely the compression, and strength was also observed
in this study. An increase in pressure (compression) resulted in the dissipation of air and movement of water
from the macro-voids to the micro-voids, in addition to a rearrangement of the particles and the collapse of the
aggregates, shown by the decrease in void ratio in CRS testing, and the decrease in pore size in MIP, SEM imaging,
and X-ray CT images. In NSF Clay, compression resulted in face-to-face aggregation of the particles, while in
Kunigel-V1 the soil fabric remained non-homogenous. Due to the low permeability of Kunigel-V1, drainage did
not occur during testing, resulting in sample extrusion in unsaturated samples at higher pressures as samples could
not be compressed further.

In unsaturated samples, the formation of aggregates through an increase in water content, resulted in an increase
in the undrained shear strength in both clays. In NSF Clay however, at 50 percent water content a decrease in
shear strength was observed due to the formation of the homogenous structure.

The effects of the soil fabric on the dilatancy revealed that the formation of aggregates resulted in positive dilatancy
due to the resistance of the aggregates to shearing. It is believed that the stiffness of the aggregates increased due to
large matric suctions, resulting in behaviour that is similar to a compacted dense granular material. At high water
contents, aggregates were easily broken down, resulting in contractive behaviour during shearing and a decrease
in strength. In NSF Clay this trend was only slightly apparent, due to the tendency to form a homogenous sample
at lower water contents.

In unsaturated Kunigel-V1 samples, a change in the water content had no effect on the friction angle (40.4° ),
The submergence and saturation of Kunigel-V1 resulted in a lubricating effect on the particles, thus decreasing the.
shear strength, and most importantly, the friction angle (20.4° and 9.5° , respectively), as the friction between
particles decreased. Alternatively, in NSF Clay the friction angle experienced slight changes, including a decrease
with saturation, however, these changes were small in comparison to Kunigel-V1.

The study of effects of different types of compaction (static and dynamic) on the soil fabric of clays revealed that
the pore size is determined by the initial water content and does not depend on the compaction method used or
the dry density of the sample. The dry density however is affected by the change in energy, or pressure used
during compaction, increasing with an increase in pressure. Additionally, static compaction was more effective
than dynamic compaction in achieving a higher dry density.
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ANV FA PRR=U Y TORIILR Y — Vit e LTIEL RSB THAVWLNTVS . FILEET
ILBEEYISEO Y — IV & UTEERBUTVS. NV b A b R2ERT 2RADENE, 70
BFEKETH O, FTAOFKEEZERT A TDICEEBEERDDZBADEEINTNS. LHLER
5, B T2OMEIICRE LebE3 L, TOFKER, TOEBEEERTTIERL, ETEEHE
7% ¥ DISIBER, TOMEREE L ke {HBINB T LANLNTVS. 2T T, AR T,
L OESKEDOTTCLOUBBERFRL, COHMBBEENNY b F A FOAEEHCEDX S
BEREZ B ZBLNC LTS,

AWTEBE, AAX 724 %% EE Kunigel-V1 &, XY M HA b EEERWIERER L O
NSF#5LTH 2. MRBELRRT B b, EERBEETEME (SEM), KBEARER MIP) &
FUXBRETTT 40— (X-CT) Z B3 DORRE (RREF, kil K URER) THBRET- 2.
ol HEBRIIEBELZRD 27 DOEROTHEEHRR (CRS), BLUTLANBRE ZRET S
T D EABEEREE ANRER (CVDS) TH 3. X bIC, BEDAEDBVALLEEICS X 208
EFNBTHIC,CRS I X ABNRHED &, 707 X —Ic & 2ENFEEDIC X > THEZAEERL,
T EDHATICE > TR E NIEROHEABED LB 21T - Tz

kL e & BKEOEINC L > T, LOBRIEREN, T b DOERKIZHM/ANER (micro pore,
inter-aggregate pores) & @R (macro pores, inter-aggregate pores) I 73H X 115 Kunigel-V1 T
i, SKEOBIMCENKE L BRI REINZ D LORE—ENEZC KD, T HIcEKt
BAARELIEBE, TNEHOTERSEEL, H—ENEAL, £z DRI ETICEE (Face-to-face
aggregation) 3 AEMICH BT ERNSEM BE U MIP lc & > THERRTE /. —A NSFlcBWTHHE
BIEADED e, BOEKEEEWTHRBRE8NE—TH oz, Thbb, BRI M
T ERROKAE X Kunigel-V1 EHRTHENWT EERLTNS.

ML OHBAKDERE NS &, KERZERDDJIUKD R A E ZERL SMP AR LB
B9 3. ORI SEM & MIP IZ & - THIZE T 2 L BT & 7z Kunigel-V1 DF AT K& R
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MAEREN, FEAKK > TTHADMERIZDINZ D TRELEMELRT Kunigel-V1 DFEIEE
IKERBENDT, ZRIZTBERS N, Kok hin 2ok, BREREZR LUERICE
WCEAZBEINERTBSICEERER/NES A2, 3hbb, MREMT oy F URES e-logp
RERIT, ELUWIEREE2RYT. — A NSF DBEE, BEROFEEIE Kunigel-V1 K DEEICED SN
F, EIBKENE VO TERBDINZIEN D Tlda {kbHkE . Liehd> T elogp BE
i Kunigel-V1 b KE < BB,

TOBABTREERNRD 2D, BIKEEZIFRICT 208L D 5. Thbb, k&M sz
LIEKEET TEANRREEMT 200EETHS. ULH U, REEfn L oF&E, HadAicsE
REHT B0, EFET=HEREITS T gL <, £z Kunigel-V1 OFEIEB MRS IE
BIPNE WO THIKEH TIT S T L L RARETH 5. FAE T, —EHEAWERE AV TEARTES
DT TR L OB ABTRFE % 387z Kunigel- V1 DRI 2N &R E LERROBENI S, &
TOEBETHEBEES ¢ & 404 BINEE B BUIGE 15, EHESEETORANTR I IE Sk
EENE) IKE->TREL ER ST 405, BANEBIC K > T OERBENKELEA D, BEN
HELUEBAICREAI LA VI—BEE RAYD, BVEELXETS. L L s, TORRETH
 REEKEXEB L, ¢ 20.4 B, & BICAIATRAE CRADRIER LIoB A, 0.5 BT,
FThbb, XA FPRERTFED DKDCK > T o BARELEIT . 2hiT, RERENLO
HRCHNENTWER MY v ¥y a YOBXAVERTERVT LERLTNS.

CNEET BICEERX, N M A PR L ORE TR L OBBEEIC K > THERESK
ELERTR V), EELFEZRVWEL TV, BREEMUSBOBEEICE, N A FER
BIFMORETHLEN, SINT 2 ETICREVRANRETH 2. TOMICBIT UG HOREE %
BB Bl AP TELNNRRRERTRTSH D, BT 2OREES5T 5 L T 5k
2HLDMBHB.

Ko TEER, IBEAREEL (I2) DEMERESNIEBRBHIELDLEDS.
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