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Abstract

Interface performance between clay-sand mixtures and concrete structures are governed by
the mixture composition and its physical properties. Moisture content and particle size
distribution play a governing role in deciding the mixture fabric, its porosity, hydraulic
conductivity, and its behaviour under various mechanical loading. Application of a polymer
interfacial coating can improve the bond performance between soils and concrete mainly by
interfacial friction/mechanical interlocking. The present work analyse the interfacial strength
development between clay-sand mixtures and a polymer coating with changes in the particle
gradation. The multi-scale mechanisms at the interface are investigated giving primary
attention to soil porosity. A mixture of 50C:50S exhibited highest interfacial adhesive
performance compared to other soil mixes. Also, moisture controlled pores and gradation
controlled pores revealed difference in macroscale interfacial strength. Both Mercury

Intrusion Porosimetry (MIP) and '*Xe Nuclear Magnetic Resonance (NMR) were utilized to
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detect the pore structure of the mixtures. '*Xe NMR revealed the pore distribution of the
mixture ranging from macropores to nanopores and MIP complemented the pore information
by determining the critical pore entry diameter in the macropore regime. Mesopores
dominated on increasing the fine sand content until a threshold value, thereafter merging of

pores occurred and macropores dominated.

Keywords: Porosity, Mercury Intrusion Porosimetry (MIP), ?Xenon NMR, Microstructure,

Interfacial adhesion

1. Introduction

The formation of soil-structure interface guides the overall performance of the structural
system. Predominantly for geotechnical works, cast-in-situ interface formation is widely
preferred. In this, the cement grout is either directly cast or pressure grouted between
compacted soil and structural material such as in pre-bored driven piles (Wang et al., 2020;
Wau et al., 2023). Further, interface formation is affected by numerous parameters extending
from macroscale features like asperities and undulations on surfaces to microscopic features
like porosity, chemical interactions, surface energy, etc. The mechanical strength of an
interface is affected by the surface roughness, surface texture and materials in contact (Alice
et al., 2015; Pan et al., 2023). The shear behaviour of unsaturated soil-concrete interface is
affected by matrix suction values. A lower water content favoured higher matrix suction and
thereby higher interface shear performance (Chen & Liang, 2024). Conditioning of clay
bricks for a period of 30 min increased the shear bond strength with mortar (Bricefio et al.,
2024). The importance of moisture content in driving the interface shear characteristics is

explained in most of the above mentioned works.

Studies on interfacial behaviour between polymer coating and clay/cement substrates

revealed adhesion mechanism at different length scales (Gujar et al., 2021, 2023; Ilango et
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al., 2021; Murali et al., 2022). Biopolymers, Cationic Polyacrylamide are widely used for soil
stabilization applications and they have proved to be effective in freeze-thaw settings (Orts et
al., 2007; Soltani-Jigheh et al., 2019). Hydrating cement surface exhibited a comparable
adhesive strength (2-3 MPa) for epoxy coating at 2 days and 28 days of hydration whereas
sodium bentonite clay exhibited interface adhesive strength in the range of 400-500 kPa.
Epoxy aided in interface formation in each of the cases through different mechanisms. In case
of clay, the diffusion of polymer into clay macropores at the surface coupled with hydrogen
bond interaction between epoxy and oxygen donor sites on clay surface predominated. For
cement, it was physical interaction between cement hydrates (C-S-H, CH) and epoxy groups
that drives the interface formation. As understood from previous studies, pores in clay plays
major role in interface formation. The nature of deposition and particle gradation give rise to
inherent porosity in a clay. However, the porosity in clay can be affected by other
environmental factors and also the proximity of the structural component. For example, the
changes in porosity at the interface of cement and clay even at a distance of ~2 mm, due to
dissolution and precipitation reaction within a barrier system was reported by Shafizadeh et
al., (2020). Moreover, moisture content alters the soil porosity and this effect is
predominantly seen for clayey soils (Feng et al., 2018). Hence, it is important to study the
porosity variation in a clay-sand mixture and its contribution to interface formation with a

polymer coating in the context of soil-structure interface.

A remarkable improvement in geotechnical properties of clay was achieved with the
incorporation of lime-zeolite in it. Stabilization mechanism altered the microstructure of clay
and contributed towards higher mechanical properties as explained in Khajeh et al., (2023).
Any additive, be it conventional stabilizers or polymers enhance clay properties significantly

at the macroscale by manipulating the pore microstructure in clay (Xia et al., 2023).
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Considering this aspect, the current study looks at the porosity effect on interfacial strength

performance of polymer coated clay-sand mixtures.

Particular focus of this study is on clay-sand mixtures. Behaviour of clay-sand mixture under
compressive loading is governed by the sand content. Effective load bearing capacity of these
mixtures are guided by the threshold fine sand content, forming a sand skeleton within the
matrix. However, addition of clay content may interfere with the hydraulic conductivity of
the mixture (Tripathi & Viswanadham, 2012, Watabe et al., 2011). Clay-sand mixtures
especially those present as sediments in estuaries, tidel inlets, etc. exhibit inter-fractional
(sand-clay) interactions which guides their transport properties like deposition, erosion, etc
(Cuthbertson et al., 2018). Our previous work explaining the microstructural mechanism of
epoxy coated sodium bentonite revealed the formation of a diffused interface between epoxy
and clay, primarily by epoxy percolation into clay surface pores (Murali et al., 2022).
However, in real field conditions, profound variation in particle size of soil exists and this
may drastically affect the porosity. To clearly understand the variation of soil porosity on the

interfacial adhesive strength, different clay-sand compositions were considered.

A wide range of techniques such as cryo-SEM (Lubelli et al., 2013), MIP (Duan et al., 2013)
are in practise to estimate the pore size distribution and pore connectivity of soil systems.
However, conventional techniques pose a lot of challenges as most of them are destructive
techniques. Usage of imaging techniques such as Scanning Electron Microscopy (SEM) to
analyse the porosity changes in reinforced soil under drying-wetting cycles was reported by
Hou et al., (2021 ) and use of FE-SEM to study porosity of gas/liquid plays of China were
reported by Zhu et al., (2023). Various advanced NMR techniques were also used to
understand the pore structure of soil, such as 'H NMR relaxometry (Carrero-Gonzélez et al.,
2012), magnetic resonance imaging (MRI), '2Xe NMR (Filimonova et al., 2011)(Tsiao et

al., 1998).
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Both 'H NMR relaxometry and MRI require a high water/solvent content, normally fully
saturation inside samples for getting high signal-to-noise ratio, so they are not suitable for
studying the soil samples with a small amount of water content. '?*Xe gas is a sensitive gas
probe for NMR, which has been used to detect the pore structure regardless of the water
content of various construction materials, such as cementitious materials, shales and
geopolymers (Li et al., 2022). Hence, in this reported work, three soils at specific water
content corresponding to their respective dry of optimum with different clay-to-sand ratios
were prepared as schematically shown in Figure 1. '*Xe NMR and conventional MIP
methods were applied to provide complementary information of the porous structures of the
three mixtures. The interfacial performance of each mix with a polymer coating was
evaluated by analysing the shear load-displacement plot. The mechanisms were studied by
taking into account the energy release rate expression put forward by Holck et al., (2012).
The evaluation of the effect of different porosities, obtained by varying the gradation of the

soil, on the interfacial bond strength of epoxy coating is the specific objective of this work.

Diﬂ"lgsgd_interfhce

Epoxy coating  PE—l m-,
s S i i i - n
3 Pureclay ~ Claysand Clay-sand
70:30 50:50
® (Clay Sand grains

Figure 1. Schematic illustration of the epoxy coated clay-sand mixtures considered in the
study. Different pore spaces found in a clay-sand mixture are evaluated by MIP and '*°Xe
NMR

2. Materials and Methodology
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2.1 Materials

Soil: Soils considered were sodium bentonite (Na-Bt), a mixture of Na-Bt and fine sand in
the proportions 70:30 and 50:50 by weight. The Optimum Moisture Content (OMC) and
Maximum Dry Density (MDD) of all the mixes were calculated by performing Standard
Proctor test as per IS 2720 part VII-1974 and are reported in Figure 2a. Pure bentonite
exhibited the highest optimum moisture content of 34.96%. As sand content in mixture
increases, the surface area of bentonite particles reduces for water absorption. Thus all clay-
sand mixtures had lower OMC than pure Na-Bt (Agus et al., 2010). The particle size
distributions of the mixes were evaluated by sieve analysis and that of Na-Bt by hydrometer
analysis as per ASTM D7928-17. Particles of size 2 um were predominant, with percentage

finer of 80. These are shown in Figure 2b.

Dry Density (glcms)

1.35 T T T ' T T T T T T T T T T T
15 20 25 30 35 40 45 50
Water Content (%)

https://doi.org/10.1180/cIm.2024.7 Published online by Cambridge University Press


https://doi.org/10.1180/clm.2024.7

—a— Na-Bt
100 4| —e— 50:50
—y—70:30
gsu-
3]
=
(e
)
o 60
8
c
Q
o
o 40-
20 — ——
1 10 100

Particle size (um)

Figure 2 a) Proctor curves of all the mixes obtained as per IS 2720- Part VII- 1974.

b) Particle size distributions of clay-sand mixes.

Polymer: Bisphenol-A diglycidyl ether (DEGBA) resin and diethylene triamine (DETA)
hardener were chosen as the polymer material for usage as a coating over compacted soil
mass. The resin and hardener were used in the proportion 2:1 by weight and a curing period

of 7 days at room temperature was provided.
2.2 Preparation of compacted clay-sand (C:S) mixtures

Each of the soil mixes were statically compacted in a square cutter of size 60 X 60 X 25 mm
at bulk densities of 1.755 g/cm® and 1.773 g/cm® corresponding to the dry of optimum water
content (i.e; OMC - 5%). One more sample of 60C:40S proportion having bulk density 1.718

g/cm® was also considered for NMR studies. Representative samples for porosity studies
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were collected from the compacted specimens and lyophilised to preserve the porosity.

Lyophilised samples were stored in vacuum dessicators until they were tested.

For measuring the interfacial adhesion between compacted soil and epoxy coating, the
samples were cast in shear box of size 60 X 60 X 10.5 mm. Two identical pieces were joined
together maintaining a gap of 4 mm and epoxy resin was injected in between. The prepared
sandwich composite samples were wrapped in cling film and kept in vaccum dessicator for 7

days to allow curing of the resin.

25 mm
s

Figure 3 Clay-sand compositions coated with epoxy polymer prepared for shear testing.
Curing of resin for 7 days was followed by testing in a conventional direct shear apparatus

2.3 Mercury Intrusion Porosimetry

Macropores and mesopores in the compacted soil masses were estimated by MIP. The
instrument used was Pore master 60, Quantachrome, USA in the pressure range of 0.01 to
60000 psi. The pressure interval was 0.028 psi and data were recorded at a temperature of
23°C in order to lower the evaporation rate of mercury. MIP works on the principle that
pressure at which mercury intrudes a pore is inversely proportional to its radius. This is

mathematically represented by Washburn’s equation as

—4y cos 0
d

P = Equation 1

where,

P is the Pressure at which mercury intrudes in Pa ;

https://doi.org/10.1180/cIm.2024.7 Published online by Cambridge University Press


https://doi.org/10.1180/clm.2024.7

Y is the surface tension of mercury ;
e is the contact angle of mercury taken as 140°;
d is the entry diameter of pore intruded in pm .

Samples prepared according to the methodology described in Section 2.2 were considered for

MIP studies.
2.4 129Xe NMR on clay-sand composites

Xenon atom has large electron cloud, which makes Xe gas an ideal probe gas for NMR
experiments because its NMR parameters are sensitive to the chemical composition and the
physical structure of its environment. '?*Xe chemical shift reflects the pore size and structure,
as the chemical shift (§) of '*’Xe in the porous medium without strong adsorption sites can be

modelled as the sum of three major contributions,
6= 80 + 8Xe—Xe + 6Xe—$ Equation 2

where the o is the chemical shift of the '2°Xe gas at 0 pressure; dxe-xe is the interaction term,
coming from collision of '?Xe atoms, which can be neglected at low gas pressures. dxe-s
represents the collision between '*Xe with the pore wall and it is therefore dependent on the
pore size and the pore surface. Since the surface of the pore is constant in the same studied

material, the change in ¢ is inversely proportional to the pore size.

Before performing the ’Xe NMR experiment, the prepared three cylindrical clay:sand
samples with diameter of 7.6 mm and height of 20 mm were put into three 8 mm diameter
NMR glass tubes with screw caps, respectively. About 1.5 bar of '?Xe gas was introduced
into each tube by using a vacuum system. Xenon enriched at 83% in 129 isotope was

purchased from Eurisotop (Saclay, France).
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The 'Xe spectra were then recorded at room temperature on a narrow-bore 11.7 Tesla
spectrometer (Bruker, Rheinstetten, Germany) equipped with an 8 mm micro-imaging probe.
The experiments were performed by using one-pulse sequence, with pulse length of 13 pus at a
power of 75 W. The spectra were accumulated with an interscan delay of 50 s. The chemical
shift of the free Xe signal was calibrated to '*Xe gas pressure/2, which is 1.5/2 = 0.75 ppm
(Bonardet et al., 1999). The '*Xe NMR spectra were fitted by using the program ‘dmfit’.

(https://nmr.cemhti.cnrs-orleans.fr/dmfit/). The spectra were decomposed to several

Lorentzian lines.
2.5 Measurement of adhesive strength of epoxy-coated compacted clay:sand mixture

Rapid shear test was performed to evaluate the interfacial shear strength employing a
conventional direct shear apparatus at a displacement rate of 1.25 mm/min under surcharge
loads of 100 kPa, 200 kPa and 300 kPa. Failure was allowed to take place along the interface
between epoxy and soil substrate. The interfacial shear strength (1) was evaluated by the

. P . o . I :
expression — where, P is the load cell reading in kN ; and A is the initial cross-section area

inm?2.

3. Results and Discussions

According to Holck et al., (2012), the critical energy release rate (G¢) when two adhesively

bonded surfaces separate is represented by the expression
Ge = (W12 + Wehem)(1+¢) + Ah Equation 3

The terms, wi2 and wehem represents the physical and chemical bonded interactions between
the bonded surfaces. In this study, these are the soil and epoxy surfaces. Contribution of Wchem
is neglected as there are no suitable sites for chemical bond formation between the two.

Physical interaction is attributed to hydrogen bonded interaction between epoxy functional
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sites and negatively charged oxygen sites on clay (Murali et al., 2022). The term (1+¢) refers
to the surface area available in the form of accessible pore, surface undulations, etc. This
aspect of interface formation is given attention through this study. Further, the heat dissipated
at the time of debonding of two surfaces under study is denoted by Ah. The enhancement in
surface area through pore size distribution has a direct correlation to the energy release rate.
Each of the clay-sand mixture were prepared at a moisture content to the dry of optimum.
Figure 4 depicts the specific dry of optimum moisture content for each of the mixes. There is
a difference of 12.19% in moisture content between Na-Bt and 50:50 mixture. As there are
changes in water content in each of these mixes, the net unbalanced forces on the surface of
the compacted substrates of each of these mixes might also vary. According to Goebel et al.,
(2004), the contact angle and surface energy of soils depend on aggregate fraction and water
potential. A key parameter affecting the contact angle and eventually surface energy in soils
are water potential or moisture content. The surface free energies of aggregate and
homogenised soil were in the range of 55 — 65 mJm™. Out of the two components, polar
component showed variation (32 - 45 mJm) with aggregate size whereas dispersive
component remained similar. The difference in polar component is primarily due to two
reasons. One is availability of clay electron donor locations on the soil surface acting as base
component. Second is acid component of surface energy which are negligibly small in soils.
In the soil mixtures considered, a variation in base component of surface energy is expected
because both moisture content and aggregate fraction are varying. However, decoupling the
individual contribution is not within the scope of this study. More focus is given to changes

in surface porosity variation arising from particle gradation as explained in the next sections.
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Figure 4 Moisture content at which soil substrates were prepared. 50:50 mix is at a water
content 10% lesser than pure Na-Bt

3.1. 1¥Xe NMR spectra of clay-sand mixes

The '?*Xe NMR experimental spectra and the fitted spectra of three samples are shown in
Figure 5. The spectra of all three samples show a signal at 81 ppm. This is attributed to a
small space, resulting from the '*’Xe gas adsorbed into the clay matrix, which was also found
in pure clays (Tsiao et al., 1998). In addition, a peak at around 1 ppm is also observable for
all samples. This is attributed to the fast exchange peak between the free '*’Xe gas with the
129Xe gas in the macro-scaled space. The macro-scaled space corresponds to mainly the space

between sand particles with size > 50 nm.

The signal in the middle of the spectrum is different for three samples. For the two samples of

C50:S50 and C70:S30, it appears at 50 ppm and 29 ppm, respectively. A large signal is
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observed for the sample of C60:S40, and it is fitted to two Lorentzian lines. The fitted peak
chemical shifts of the two compositions were centered close to the middle peaks in the other
two samples, respectively (Table 1). These two fitted compositions at 40 and 30 ppm were

assumed to be a small pore and a macro pore respectively.

For the mixture with the clay-to-sand ratio of 50:50, the peak at 1 ppm dominates, accounting
for 74%. This is reasonable since the high sand content makes a large amount of macro-
scaled space among sand particles, this mixture has larger averaged macroporous size than
the other two mixtures. When more small clay particles were added to increase the clay-to-
sand ratio to 60:40 and 70:30, the middle peak became the main peak with a proportion of
over 71%. This is because more small clay particles filled in the space between large sand

particles and the volume of macropores get filled up compared to a 50:50 mix.

The middle peak shifted to the larger chemical shift region, which is the smaller pore size
region as the clay-to-sand ratio decreased from 70:30 to 50:50. At higher clay content, sand
particles float within the matrix without any particle to particle contact, thus the major feature
of such a mixture is the presence of mesopores and nanopores from clay aggregates and clay

galleries.

MEm D TR e e a8

Figure 5 '2Xe NMR spectra (black solid lines) and the fitted spectra (red solid lines) of (a)
70c:30s, (b) 60c:40s and (c) 50c:50s. The fitted components are plotted as dotted lines.
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Table 1 Distribution of porosity in all the mixes across the entire pore size regime

Clay:sand Peak IT
Peak I Peak IIT

ratio Component I | Component II

Peak chemical shift (ppm) | 84 - 29 1
70:30

Integral percentage (%) 25.0 - 71.8 3.2

Peak chemical shift (ppm) | 79 40 30 1
60:40

Integral percentage (%) 13.1 34.5 44.3 8.1

Peak chemical shift (ppm) | 79 50 - 1
50:50

Integral percentage (%) 13.4 12.3 - 74.3

3.2. Pore size distribution by MIP

The information obtained from Xenon NMR spectra provided a qualitative idea of pore size

distribution in clay-sand mix soil. Specific details such as critical pore diameter cannot be

obtained from this technique. Information on exact pore entry diameter is essential to analyse

the interfacial adhesive strength performance. To help us understand better about different

pore size regimes, MIP technique was employed. The pore size distribution of all soil mixes

were estimated by MIP and the differential intrusion plot obtained for all the soil mixtures are

shown as in Figure 6. Mixture 60C:40S is excluded from the intrusion curve based on the

findings from interface shear testing which are given in Section 3.3.
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Figure 6 Differential Intrusion Plot of clay:sand mixtures showing the critical pore entry
radius. Pure clay exhibits a higher macropore volume. Clay-sand mixes gradually shifts to
unimodal distribution as sand content increases

Pure Na-Bt exhibits bimodal distribution, one each at macropore and at mesopore regime.
The other soil mixes gradually shift from bimodal to unimodal distribution as the mix
proportion was varied from 70:30 to 50:50. With equal fraction of clay and sand, we see a
predominance of pores of 10 -12 pm in the macropore regime and near-to-zero mercury
intrusion in the mesopore regime. The critical pore entry radius obtained for 50:50 mix is 11
pm with intrusion volume of 0.02 cm?/g. As clay content goes down from 100% to 50%, the
critical pore entry radius increases from 4 pm to 17 um. The arrangement of sand within a
matrix of clay takes place according to the percentage of clay content as depicted in (Figure 7

a-d). As a small fraction of clay gets replaced by sand, sand particles gets sparsely populated
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within clay matrix. Afterwards, when the clay fraction reduces, the intergranular space
between sand particles becomes closer and less populated with clay (Figure 7 b). When the
clay fraction further goes down, the sand particles attains inter-grain contact. At this stage,
very few of the inter-granular sand voids are filled with very loosely packed clay as
illustrated in Figure 7 d. For the formation of a partial skeleton of sand, an optimum
replacement of clay fraction is required. This study deosn’t focus on arriving at optimum
fines content. However, the changes in porosity arising from the arrangement of different
grains is considered as the mechanism behind changes in interfacial strength for different
mixtures. This is reflected in the critical pore entry radius of 50:50 mix compared to a pure
Na-Bt mix. Mix 50:50 was characterized by critical pore entry radius of 17 pm compared to
8.14 pm and 4 pm of 60:40 and 50:50 mixes. This behaviour occurs as small clay grains
arrange in a more closely packed manner and reduces the macropore size. However, the very
high intrusion volume (0.09 cc/g) by mercury in pure Na-Bt is interesting to note. Also, we
did not arrive at the threshold fines content to obtain the highest inter-particle contact

between sand as this may not have a positive impact on interfacial bond strength.
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Figure 7 Schematic illustration of porosity variation in a clay:sand mixture a) pure clay b)

70C:30S Sand particles sparsely populated inside clay matrix ¢) 60C:40S Inter-sand space

filled by loosely packed clay d) 50C:50S Inter-grain contact between sand leads to partial

skeleton (Black dotted circle represents changes in inter-sand void as clay content reduces)
(adapted from Vallejo et al. 2000)
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The lower particle size of clay grains give rise to smaller pores when clay proportion
increases from 50% to 100%. Also, they exhibit a higher porosity compared to the larger,
angular sand grains as seen by the higher intrusion volume. This particular behaviour of clay
is attributed to its mineralogy and particle size (Horpibulsuk et al., 2010). For Na-Bt, there
are two distinct peaks clearly demarcating the pore size regimes in macropore ( > 50 nm) and
mesopore (2-50 nm). Miller & Sower (1958) studied the strength characteristics of soil-
aggregate mixes. The highest density was obtained at 26% fines and 74% aggregate content.
As the fine content increases beyond a threshold value, the interparticle contact between sand
grains reduces, this can give rise to higher cohesion and lower frictional value (Havens &
Goodwin., 1951). Obtained values of porosity distribution in the clay-sand mixes agrees with

the mechanism explained by Miller & Sowers, (1958).

3.3 Interfacial adhesive strength between epoxy coating and soil

The interfacial adhesion between all the soil mixes and epoxy coating were determined to
understand the effect of porosity on the adhesion mechanism. Out of all the mixes, clay:sand
at 50:50 exhibited the highest interfacial strength for all the normal stresses followed by Na-
Bt and 70:30 respectively as depicted in Figure 8. The error bar of interfacial adhesive
strength at each normal stress is given in Figure 9. The reasoning for this highest strength
exhibited by 50:50 mix can be linked to the pore size distribution of the mixture. The
macropore regime is more broader for 50:50 mix and is 74.3% in comparison to the much
lower macropore porosities of 60:40 (8.12%) and 70:30 (3.21%). The highest interfacial
strength of 450 kPa was observed at 300 kPa normal stress and is directly correlated to the
formation of higher interface thickness (polymer penetration). However, Na-Bt exhibited a
slightly higher interfacial adhesive strength at 300 kPa. This increase at higher normal stress
is possibly due to increased shear contact area and the extended epoxy deformation occurring

inside the pores. Actual epoxy coated specimens exhibit adhesive failure across the interface
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as shown in Figure 10. Here, as 50:50 mix exhibits a higher critical pore entry radius than

pure Na-Bt, a higher intrusion by epoxy is possible and therefore a higher interface thickness.
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Figure 8. Interfacial adhesive stress versus horizontal displacement obtained for the epoxy
coated three soil mixtures under consideration (Na-Bt, 50:50 and 70:30) a) 100 kPa, b) 200
kPa and c¢) 300 kPa
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Figure 9 Variation of interfacial adhesive strength with normal stress for all the soils
considered. Mixture 50:50 shows highest interfacial adhesive strength at 100 kPa and 200
kPa except at 300 kPa.

The distinct pore microstructure exhibited by clay-sand mixes can be connected to the
mechanism by which the individual particles get arranged in the soil. As the clay gets
replaced by sand starting from 30% by weight, we can see a clear shift in pore sizes as
revealed from NMR measurements. At 30% and 40% of sand fraction, mesopores
predominate. This could be due to the gradual formation of sand skeleton from partial to
complete state during the static compaction applied to the samples. Compressible behaviour
of clay-sand mixtures depends greatly on transition fines content, intergranular void ratio

(Cabalar & Hasan, 2013).
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Figure 10 Specimens failed under shear clearly showing adhesive failure at the interface

Thus, clay-sand mixture with a higher macroporosity exhibited the highest interfacial
adhesive strength. This is primarily attributed to the thicker diffused interface formation as

discussed in our earlier work.

From the findings of differential intrusion curve, the porosity (in the macropore regime) of
pure Na-Bt at wet of optimum is found to be similar to clay-sand mixure at 50:50
composition as shown in Figure 12. However, the interfacial bond strength was significantly
different for both of them. Pure Na-Bt at 46.38% water content exhibited a lower interfacial
adhesive bond performance at all the normal stresses compared to a 50:50 mixture as shown
in the Figure 11. . Though pure clay is characterised by bimodal distribution, the critical pore
radius at macropore region was comparable to clay-sand mixture. Both of these exhibited
critical pore entry radius in the macropore regime: 25.38 pm at 0.038 cm?/g intrusion volume
by Na-Bt and 17 um at 0.022 cm?/g by 50:50 mix respectively. Even with a higher critical
pore entry radius at wet of optimum, the reduction in interfacial performance points to the
detrimental effect of moisture content towards interfacial adhesion. As expressed in the
critical energy release rate equation, apart from porosity, physical and chemical interactions
also have contribution to bond strength. The presence of water might be blocking the access
of potential interactive sites for the non-bonded interactions (hydrogen bonds/van der Waal’s)

and bonded interactions, if any, on the soil substrate. Thus moisture serves as one of the
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determining factor for soil porosity and also the interfacial bond strength development with a
polymer coating. The effect of porosity due to changes in particle gradation is however

reflected at the macro scale interface strength performance.

The macro-mechanical tests conducted on epoxy coated pure clay and various clay-sand
mixtures demonstrated the role of porosity towards interface formation. The presence of
moisture can be deleterious to interface formation even when a larger pore is available for
epoxy penetration. Saturated—surface-dry substrates behaved better than wet surface for
interface bonding with a repair material. Importance of surface roughness, moisture state of
substrate and viscosity of repair material are elaborated by (Bentz et al., 2018). Also, the
negative impact of moisture on interfacial interaction between carbon fibre and epoxy matrix
is investigated through molecular dynamics simulation by Tam et al., (2023). The masking
of epoxy functional sites and fibre surface by water layer inhibited the molecular scale
interactions essential for building up an interface. Similar observations are obtained through
this work also, where mechanism behind the lesser bond performance exhibited by epoxy
coated on pure Na-Bt having a comparable porosity distribution to a clay-sand mixture is

explained.
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Figure 11 Interfacial adhesive strength exhibited by pure Na-Bt at wet of optimum and
50C:508S at all the normal stresses. Clay-sand mixture exhibited higher strength tha pure clay
in all the cases
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Figure 12 Mercury differential intrusion curves of pure Na-Bt at OMC , wet of optimum and
clay-sand at 50:50 proportion

Studies on pore distribution in a marine soft soil with varying clay content shows changes in
smallpores (0.02-0.18 um) and mesopores (< 0.18- 0.78 um) and very low effect on
macroporosity (0.78 um). An increase in clay amount reduced the critical pore entry radius
and also reduced the intensity of it referring to the absence of macropores and prominence of
nanopores in the soil (Jiao et al., 2021). For clay-sand mixture, we observe an increase in
critical pore entry radius with a decrease in clay content. The overall porosity in clay treated

with boric acid was around 65% with an average macropore diameter in the range of 2-10 um
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(Kokunesoski et al., 2016). These works are in line with the macropore distribution obtained

through this work for pure clay at a higher water content.

4. Conclusions

The interfacial adhesive strength between different clay-sand mixtures and epoxy coating was
evaluated in this study. Highest strength was demonstrated by clay-sand mixture of 50:50
composition, thus reflecting the role of porosity towards interfacial strength. Pure clay and
clay-sand mixture of 50:50 composition exhibited similar porosity but different interfacial
adhesion. This points to the negative impact of moisture on interfacial strength. A deeper
understanding of porosity distribution in various clay-sand compositions through MIP and
129Xe NMR was made feasible through this work. A mixture of clay:sand of 50:50 had
macroporosity of 74.3 % and mixture of 70:30 had only 3.21 % of macroposity. MIP revealed
the exact critical pore entry radius for all the mixtures. The nano-pores, inside clay matrix
were evidenced in '?Xe NMR spectra. Though these pore regimes are not beneficial to the
interfacial strength development (larger epoxy molecules cannot penetrate to these minute
pores), their identification can be helpful in applications involving gaseous particles transport
and storage (Luo et al., 2022, Hu et al., 2018) for e.g. methane adsorption or carbon dioxide

storage.
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