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The general structure of this study is illustrated in Fig. 1. This dissertation is organized by six chapters mainly
consisting of laboratory measurements and analysis of geotechnical properties (consolidation characteristics, shear

stiffness, and permeability), solute diffusion, and sorption in kaolin clay at different temperatures ranging from 5°C to

40°C.
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Figure 1 Structure of this study



In Chapter 1, it introduced that thermal disturbance released from the underground structures such as ground source
heat pump (GSHP) systems in geoenvironment is leading to ground temperature change and may impact properties
of sediments and biological and chemical processes in soil-water system. A thorough literature review reported the
influence of temperature on geotechnical properties of clay sediments which are important for design consideration of
any projects and the effects of temperature on solute transport processes in clay sediments which are essential for risk
assessments of soil and groundwater pollution. Then, the present study was proposed to meet the lack of information
and measurements on geotechnical properties and solute transport processes focusing on temperature variation range

caused by operation of GSHP systems (£10°C of local ground temperature).

In chapter 2, the simultaneous measurements of consolidation characteristics, shear stiffness, and permeability of
preconsolidated kaolin clay under sequential consolidation pressures were conducted at different temperatures (5 °C,
15 °C, and 40°C) by using modified oedometer apparatuses developed by our group. For both H 10 cm and the standard
H 2 cm specimens, temperature influence on consolidation parameters such as coefficient of consolidation (c ) and
coefficient of volume compressibility (m ) was observed as stress history dependent parameters showing higher ¢, and
lower m_ at higher temperature under overconsolidated (OC) state whereas constant ¢, and m_ for three temperature
conditions under normally consolidated (NC) state. Since temperature effects on ¢, and m  for both specimens were
very similar, it can be suggested that one dimensional Terzaghi’s theory was applicable for H 10 cm specimens used in
the modified oedometer tests. For both specimens with high e, (1.5<e <1.65), the apparent preconsolidation pressure (P, )
markedly increased with increasing temperature while compression index (C) slightly increased. The shear modulus (G,
,) as a function of void ratio resulted from the successive applied consolidation pressures at 40 °C was larger than that
at 5°C even at the same void ratio. The trend of the measured G, , under wide range of consolidation pressures closely
followed the two existing empirical formulas for predicting of shear modulus. The increase in G, at higher temperature
was explained by inter-particle contacts enhanced by inter-particle forces between particles resulted from the decrease
in dielectric constant property of pore water at 40 "C. While permeability (k) of kaolin clay typically increased with
increasing void ratio accordingly with Kozeny-Carman theory, temperature effects on the permeability (k) of the clay
as a function of void ratio were not significant within the studied temperature range between 5 °C and 40 °C. The pore
size distribution measurements verified this observation by indicating similar pore structure of the tested samples at 5°C
and 40°C, and then, resulted in similar permeability. Despite the similar permeability of clay as a function of void ratio
within the studied temperature range, the saturated hydraulic conductivity (K ) was basically affected by temperature
like larger K at higher temperature due to temperature dependent pore water viscosity and water density properties. As
a result, it can be considered that temperature effects on consolidation parameter (P ) and shear stiffness (G, ) property
of a unit tested sample were interrelated each other. Because OC condition illustrated in e/e-log p curve corresponded
to that in G, _ vs e/e, relationship showing the variation with temperature. Similar slopes were obtained under different
temperature for NC condition in both e/e -log p curve and G, , vs e/, relationship. Consequently, the combined
measurements of consolidation, shear stiffness and permeability and pore structure investigation provided a thorough
understanding that for sample with high e, (>1.5), the changes in fabric structure (likely caused by the enhanced inter-
particle forces between clay particles at higher temperature (>15°C) would result in the increased shear stiffness and,

consequently, higher P at the temperature of 40°C.

In chapter 3, the investigation was extended to certify the consolidation and shear stiffness properties induced by

temperature elevation observed in chapter 2. Thus, for preconsolidated kaolin samples with high e, (1.5<e <1.65)



and low e0 (1.4<¢<1.5), change in consolidation settlement and shear modulus were simultancously measured
under temperature elevation from 15 °C to 40 °C in the secondary compression stage at two consolidation pressures
representing OC state and NC state. For both OC and NC clays, the decrease in normalized void ratio was observed
after being heated for 7 days implying that heating reactivated the consolidation settlement in secondary compression
stage. It was supported that the lower water viscosity at 40 °C accelerated the clay particle arrangements under a
substantial stress. The Ref. samples which were continuously kept under constant temperature of 15°C showed
the decrease in void ratio after 7 days probably due to time dependent consolidation behavior. The magnitude of
consolidation settlement in TC samples under OC and NC states were completely larger than that in Ref. samples and it
was more significant in TC samples with high e under OC state. After temperature elevation for 7 days, the larger shear
modulus (G,) was attained for OC samples with both void ratios while G, did not recover back to the value of G, for NC
samples. For OC samples, the greater shear stiffness was probably contributed not only by the increase in consolidation
settlement but also by the closer inter-particle arrangements at 40°C. For NC sample, the behavior of change in shear
modulus was quite similar to the results obtained for saturated sand samples indicating that this behavior was resulted
only from the temperature dependence of bender element performance and it is not representing the real shear stiffness
response affected by temperature. The magnitude of increase in shear stiffness was significantly larger for samples with
high e under OC state as compared to Ref. samples. In summary, it can be proposed that effect of temperature elevation
was stress history dependent and consolidation and shear stiffness properties of the samples with high e, under OC state
was highly depended on temperature elevation. The observation in chapter 2 in which greater stiffness at 40°C since at 9.8
kPa corresponded to OC state was found for H 10 samples with high e, verified this assumption. Therefore, the increase
in soil temperature (>15°C) induced the consolidation settlement but with the increase in shear stiffness property of the

clays having void ratio greater than 1.5.

In chapter 4, temperature effects on solute diffusion, one of the major solute transport processes, in preconsolidated
kaolin clays were investigated through the tracer solution of potassium chloride (0.1M KCI) at different temperatures (6°C,
15°C, 40°C) using specified volume diffusion (SVD) apparatuses. Both cation (K*) and anion (CI) diffusion behaviors
as a function of temperature were examined for saturated samples with high ¢, (1.65) and low ¢, (1.15) (at two levels of
compaction). For both ions, the relative concentration in the source chamber decreased with time while C/C, in the receptor
chamber increased with time for the kaolin clays with both high e, and low e, mainly due to the solute diffusion from
the source to the receptor through the clay. The solute diffusion coefficients (D) of both K™ and CI" were evaluated using
two-chamber semi-analytical method. The precise D_ values corresponding to change in concentration in the receptors
were deduced by linearization of the measured data with extreme high coefficient of regression for all cases. The positive
correlation between solute diffusion coefficient (D) and temperature was observed showing larger D, at higher temperature
for both cation and anion diffusions in the samples with high e, and low e, mainly due to less viscosity of pore fluid and
greater atomic motion at higher temperature. The D_ for Cl ion were relatively higher than the D_for K* ion mostly due to
the retardation of K* ion on kaolin clay. The Arrhenius equation for temperature dependence diffusion was quite applicable
for the potassium and chloride diffusions in kaolin clay at different bulk densities (void ratios). The activation energy (E )
was independent of chemical species, density, and temperature in this study varying from 14.6 to 15.3 kJmol . The solute
diffusivity of K* and CI ions as a function of water-saturated porosity (correlated to void ratio) was tested against the
literature data for both clay minerals and natural soils suggesting a markedly higher liquid phase tortuosity for pure clay
minerals. Therefore, this information of temperature effects on D, as a function of water-saturated porosity need to be taken

into account when predicting groundwater pollution associating with seasonal operation of GSHP systems.



In chapter 5, temperature effects on potassium and chloride sorption on kaolin clay were investigated by performing
batch kinetic and equilibrium sorption experiments under different concentrations and at three temperatures (6°C,
15°C, 40°C). Only potassium sorption on the clay was predominant while there was no sorption of chloride onto the
clay. Potassium kinetic sorption onto the clay showed that Pseudo second order kinetic rate constant at 40°C was
greater than at 6°C implying that sorption rate was faster at higher temperature. Generally, the equilibrium sorption
at three temperatures was fitted with Freundlich isotherm model. The Freundlich adsorption coefficients increased
with increasing temperature due to dominant cation exchange mechanism between exchangeable K™ and positive
charge onto the clay surface resulting from change in pH at high temperature. Additionally, retardation factor (R )
was negatively correlated with equilibrium concentration of potassium showing the lower value of R, (1.1 to 1.3)
at highest concentration of 4000ppm. This was in agreement with the observation of slower potassium diffusion as
compared to chloride diffusion with the ratio of 1.1 to 1.2. Therefore, this investigation represents temperature effects

on exchangeable ion sorption behaviors onto non-swelling clay.

Based on the measured data and results, this study revealed that solute/contaminants transport in porous media
rather than geotechnical properties of clay sediments should be concerned as a critical issue under elevated temperature
condition (around + 25°C to local typical ground temperature). Furthermore, the whole research attributes to the
platform knowledge towards a unified understanding of temperature effects on geotechnical properties and solute
transport process in clay. The thermal disturbance in geoenvironment influences geotechnical properties and solute

transport parameters accordingly with temperature dependence pore fluid and fabric structure properties.
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Figure 2 Effect of temperature onto geotechnical properties and solute transport processes.

Following this study, the future studies are required to comprehend the above understanding by conducting similar
experiments using undisturbed natural sediments around the heat exchange tube of GSHP systems with other important
dissolved chemicals. Then, it might be useful for risk assessments of the issues related to the intensive application of

GSHP systems in geoenvironment.



X DEEFERORE

Bpfiim HEFERR L, P25 48 A 5 HICECRRZ ML, asCNEO RIS THEE L
XNEDEREZITE 7z LIMICHEEMRZENT 5,

WAE, AT xR LR ERA HGE L, P ARE AR E OIEET 3L X — & 720
By AT L (MWhEFIHe -t RY T 2T L5E) OSEBSHRIZIAE >TW5E, —T, HF2EROR
ARG A B E U= TR S BAIITDbN TS, ZDXD 53 27 LARWEMHFHTIE, FR 458
U TAKIRAIEIE ISR TS FERBE COBIR (PRI 2512232 en b, ANANEEW
Gl MBI 2 5 2 Lk b, HTESRBOZEN G 2 2ERETE L LT, M2t (BSR4
&) OZl, HEEEL EOER - BE), WRNWE (FE, K HA5E) BEFHEOZ, TIERAEY -
MROE A EN VRIS, LaL, BURTIRTESEOZL 2 KT TERBEEEIZ OWTE, +oaraHi
PRONTHEEFEVHES, ZThoOPELZEEMNGHMITE BT L2 XAV by — L% ThE TRE
INTHAEN, ZOXIAEEROE LI, REMGWLTIE, L (74D L) 25512, FRCEEEO
2t (B 2UERIE T, WSO b)) A or R & RN E RSB RE C R E T R e BNERIC K 5
TN, TN OREERBIT 237 2 — T8 (HEEEREC- E AWIRIE, ZEAKERE, WEINEC WS R E s L)
OWERIFEITEH 45 2 & T, BEROZL/ TR - FIFRARIE I KT 28 A P L 72,

F1FETIE, MEOERC°EM, B3 2O DWW TR L T, REEDOIFZRIZOWTIE, Ff
WA CEEANE L &5, MLoB TRt (EEREKEE), WEREI/ST 2 —4 (LIERH
TR BR WS R L) ISIRE R RIFTBIZONWTDL 7 2 —&5HfliZir-> T 5,

B2, FHMBE LThAY) VR ERGT, XU X —T LAY b A L R TR AR
WE AR ICHEL, Ra3WET (5, 15, 40C) THEHABZFEEL T s, METIE, elog p Hifk,
JEF ST 2 — 5 (BB C, RRITAHERE m, W OEERIRIEH P, BEKEEL), A WRIE - 8
BRILBEER (Gle) %KW 7z, ZDRER, C - m - kKICIZREOEENH LV REhENE DD, Pk Gle) i
B T TR E LA RT Z B NITE 57z, BRESMISERENZEACR W E» 5722 L
15, i TR R OB 0 L2 2 e A AWRINEG & K& S LABIHE L TEREARA TS,

BIFTTIE, MAA) VLD ZRIEE FTHE A 15CH» 5 40CI2 R 225480, EEN M E (O
PRI LA AR G DZELEBNTOS, 2O, RadOESRKIEH P LD & I8IEHZME
T BMIEH CIE LA 452 77, ERIERE CIE LA 452 288 & 0 & k& AEH TR
ERTTE, TRICHEORAWMIYE G Ak & < 45 5% E QB2 R AR ATV,

BAFETIE, A YR OBEERECRES RETHEEW S 20T 5720, BRI E
(Specified Volume Diffusion Test) ZHWTHRLZEET (6, 15, 40C) THEILHREK D, ZIEHIL T
%, FERIZIZ 0.1M @ KCLIEH A2 HW T, K KU Cl O D & ZhEhHllEL T s, ZORSE, Cl D D 13,
K'OD D11~12fThH5T &, WA+ D D MEIIME & DM R 2P R 2 5 5 20 & DFGR
PEENTz, 61, D OWMERFPEIC T V= 2XOWHIPHRETH 5 Z &, 7 L =7 2Xh D (AT D)
WL 3L F —DiED D ORI Z EFSERBTES 2L, 2W61IZL T3,



HOHRTIE, FUML A ) VR EOWEILHRE D 1T8ME (RIERIE R) 2 ED &S IZHEE KIFL
TW2DhEERT 57012, Fis s KCHFRRE K RE T (6, 15, 40C) T/ FMFFHERZ1T 5> T
Who TORRER, CIUiEHA ) VR EAOWIE /RS, DATBIEDRIRA L VOIS LT, K i 2 KX
IREERIE 2R L, SimarE (40C) O AMEIEM 6°C) &0 &RE LWERE - tRiamL, BT
MRPBHHENBZLEMEIZLTWD, & 51, HIFEOEFEILAGHR THWIREICKT % K & Cr
DR AEDIIF 1.1 ~13f5& 4D, CI & K O D HARIERE R, O 5 HTE 2 L5 2RI 13
b Tn5,

FOFTIE, W2ENLHEESEE TICHONLNA L, RS, HWEFRE & RN E S BRI & %
Blgd 257 2 —%F (EEERE - HAWMIYE, SEKGRE, WHEILE - WA fRBa &) OmREIRIFECER ¢
%2 LT, BERBIOZAC, MRS - BBRARHEIC KT T A BB L T0d (TIX). 72, KAEEidfam

GHROMZERO S FESE R L T 5,

Thermal
dlsturbance (T)

Pore fluid phase Autoionization
f wat
I?;:;egartlcle /J(VlSCOSlty) of water
Clay fabric structure Q, (density) - pH
-Dielectric constant

-Dissolved ions properties

Micro pore
structure on exchange
mechanisms

Flow Ion diffusion

Inter-particle
contact points

* *
Gh.e | | Cy

ac |

P *

sat

ﬂ\
-

Geotechnical properties
Solute transport parameters

* High void ratio samples(e > 1.5) under overconsolidated condition

PLED X512, KA, BEREZLA AR AR R N E RS B R 1 WHE, IhbOf
‘ﬁ%i@%?%/\? A — ZPEOWEMAFEIC K - TEHli - BELL 728 DTH D, %@E‘Z%ii%?&i’rﬁ???@%ﬁ@
ZALR RIE T BB B A E mMICEHEi§T 23R 7 ¥ 2 X ¥ Y — LORBIIRNICTEH SN 28D TH
%, ZOZ L, Y CHEAR AR, KX L () OFISHIELOWNETS % L HIll L 7.

I, KinXONEX, 8232 J. Geology and Earth Sciences, 5 3 mAEE T 0L —F 1 V7 i

X Proceedings of 18" Southeast Asian Geotechnical Engineering [Zf5#FATH D, 5 4 B & 5 =i J.
Geotechnical and Geoenvironmental Engineering, ASCE &R fE#EfH TH 5,



