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Multi-scale chemo-mechanical effects and microscopic failure modes are explored in the evolution of strength change of slip 
surface. Direct shear equipments, scanning electro-microscope and X-ray diffraction are used to trace the change in strength of 
remodeled soils of slip surfaces in the Three Gorges area. Results show that there is a release of alkali metals and concentration 
of clay minerals on the surface. During the tests, potassium ions were released, the cementation was reduced, and the ratio of 
interlayer minerals varied associated with strength change. Accordingly, illites or montmorillonite-illite mixtures turned into 
montmorillonite. So the strength change originates from the release of alkali metal ions on molecular scale that leads to the 
concentration and transition of clay minerals on meso-scale. The evolution of slip surface and soil strength is a typical process 
involving multi-scale processes of structure changes and chemo-mechanical coupling. 
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1  Introduction 

Macroscopic properties of soils and rocks depend on their 
inner structure on smaller scales including that of crystal 
lattices and grains as well as of molecules [1]. Mechanical 
strength of rocks and soils is reflective of the hierarchical 
structure subjected to interactions on various scales. Phe-
nomena occurring on micro-scale or meso-scale may lead to 
the change in property and structure at the macroscopic 
continuum level. In geomechanical processes physical or 
chemical interactions in nature often induce changes in 
compressibility, strength and permeability. Changes in me-
chanical conditions can lead to changes in chemical proper-

ties, such as the activities of interacting components. Such 
chemo-mechanical coupling mechanisms are prominent in 
many multi-scale processes that demand considerations of 
specific process on its proper scale, i.e., from molecular, 
micro-, meso-scales to macro-scale [2, 3]. The mechanisms 
of that kind are involved in such applications as disposal of 
nuclear waste and hazardous materials, petroleum waste 
utilization and engineering of soil properties, in particular, 
strength and solubility of clayey soils to be exposed to a 
thermally or chemically affected environment [4–9].   

In geo-hazards such as landslide, slope failure usually 
involves structural change due to microscopic defects and 
cracks. Landslide starts from a slip surface formed by the 
extension of cracks in the soil/rock body, potentially caus-
ing instability. The studies on multi-scale effects of chemo- 
mechanics are of primary relevance to understanding the 
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mechanism of landslide. Skempton [10] suggested a rela-
tionship between clay content (<0.002 mm) and the effec-
tive residual friction angle based on experimental data, and 
found that the residual strength of slip soil was affected by 
the grain orientation caused by shearing effect. Morgenstern 
[11] analyzed microstructure of kaoline under shearing in 
terms of the double refraction ratio measured on clay ag-
gregates, and the results indicated a significant complexity 
of soil variation in slip surface due to shearing. Yan et al. 
[12] studied the microstructure and material compositions 
of slip surface in 40 landslides in the Three Gorges area and 
Xiaolangdi reservoir of Huanghe River. They correlated the 
number of the active episode landslides with the mechanism 
of slip surface formation. Wen and Aydin [13] investigated 
the microstructure of a natural slip zone and suggested that 
porosity, the content of tabular clay grains, and the packing 
pattern of grain array are important factors influencing the 
dynamics of the slip surface. Zhang and Qu [14] evaluated 
the expansive potential of a landslide by characterizing 
montmorillonite content, layer ratio and surface area.  

To understand better the mechanisms of slip surface 
formation process it is helpful to investigate the effects of 
the chemo-mechanical couplings at their appropriate scales, 
especially when soils are known to be the subject of adverse 
environmental impact that could trigger a landslide. The 
objective of this paper is to explore the physical nature of 
the slip surface based on experiments on material composi-
tion and structure of soils in slip surface. We consider and 
simulate the impact of acid rain events in the context of 
multi-scale chemo-mechanical coupling. The present work 
includes three parts: 1) identifying the difference in soil 
mineral content and structure between soils in slip surface 
and soils in the vicinity of slip surface, and determining the 
content and structure that affect macroscopic strength; 2) 
evaluating the relationship between strength variation and 
the microstructure change, and identifying the critical ionic 
variations in the processes of dissolution and transformation; 
3) investigating the change in chemical reaction rates of 
soils in slip surface under different pressures. 

2  Field study 

2.1  Soils at the slip surface and in the slip vicinity  

Soil samples were collected from the slip surface of Diao-
jiaozui and Qianjiangping sites in the Three Gorges. They 
were randomly taken from various spots in equal volume 
(see Figures 1(a)–1(d)). 

Diaojiaozui landslide site is a small landslide located on 
the upper left of the large Jipazi-Baota landslide in Yunyang. 
It developed in the quaternary landslide deposit of light 
brown yellow and purple silty clay. The slope is wriggling, 
and on the slip surface lies a sticky layer in a plastic state 
with a high moisture. Qianjiangping developed in the Juras-
sic carbonaceous shale that is 20–50 cm thick. There is a 

2–5 cm thick layer of light yellow shale clay on the top of 
the shale. It has a high moisture and plasticity, with oriented 
grains and evident slip traces [15].  

 

 
Figure 1  Sample of slip surface and its vicinity. (a) and (b) Collected in 
Diaojiaozui landslide; (c) and (d) collected in Qiangjiangping landslide. 
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The slip surface of Diaojiaozui landslide appears small; 
12 spots forming a shape of pentagon were selected to sam-
ple the soils. Similarly 12 sampling spots in X shape were 
selected for sampling in the slip surface of Qianjiangping 
landslide, because the slip surface is large [16]. At each spot, 
we collected one sample of slip surface and two samples in 
the vicinity of the slip surface. The volumes of the collected 
samples were the same. The relative distance between the 
selected vicinity location and the corresponding slip surface 
was kept constant, 0.6 cm parallel to and 1 cm orthogonal to 
the slip surface. There were total one slip surface samples 
and 2 vicinity samples collected for each landslide.  

It should be also noted that all the samples were collected 
from the undisturbed slip surface and the vicinity within 36 
h after the occurrence of landslide. Electronic probe and 
infrared technique were used to qualitatively analyze the 
mineral change. Infrared spectrum analysis shows that the 
content of montmonrilloite is higher on slip surfaces in both 
landslides (Diaojiaozui landslide and Qianjiangping land-
slide) while the content of illite is higher in the vicinity sur-
faces. Minerals in slip surfaces include quartz, feldspar, 
illite, montmorillonite, mica, kaolinite, chlorite, limonite, 
and magnetite (Table 1). 

2.2  Groundwater test  

Groundwater was tested to identify the minerals that could 
have been washed from a possible reaction site. Samples 1 
and 2, respectively from the back wall and the toe, i.e., 
above and below the slip surface of Diaojiaozui landslide 
were analyzed and the results are shown in Table 2. It can 
be seen that in the course of filtration from the location of 
sample 1 to that of sample 2, there is an evolution in the 
quantity of ions present in water, primarily HCO3

, Ca2+, 

K+/Na+, SO4
2.  

2.3  Analysis of field results 

The field evidence indicates a high content of smectite 
(montmorillonite) at the slip surface (see Table 1), while 
illite is the main clay component in the vicinity. In addition, 
there is a significant increase in potassium ion concentration 
in the groundwater at the toe of the slope. Hence, it is rea-
sonable to speculate that a transformation from illite to 
montmorillonite contributes to the increase in montmorillo-
nite content at the slip surface. This transformation also 
possibly explains the excess in K+ concentration in the 
groundwater. Another support for this speculation is that no 
comparable quantities of montmorillonite have been found 
elsewhere other than at the slip surface. No differences in 
color and grain composition or deposition stratification have 
been observed between slip surface and its vicinity. 

We therefore postulate that montmorillonite is the key 
mineral the quantity of which controls the behavior of 
clayey soils in landslides under a given chemical and me-
chanical condition. The infiltration of acidic rainwater trig-
gers a principal mineral evolution process of smectitization 
of illite, which is transformed into montmorillonite, thus 
decreasing the strength of soil and leading to slope failure. 
Similar circumstances were reported by some other studies, 
especially those on mineralogy of landslide and weathering 
surficial soils in the Three Gorges [14, 15, 17–19]. 

Transformation between smectite and illite has been 
known to play a critical role in many environmental and 
geological processes. Illitization of smectite is one of the 
most important mineralogical processes occurring in sedi-
mentary basins and has been intensively investigated over 
the last thirty years. Meanwhile, smectitization of illite is 
also a well-documented process in clay mineralogy [20–24]. 
It is believed that illite particles could become unstable in a 
Mg- or Si-rich environment and subsequently undergo a 
weathering process to form smectite [24, 25]. The key  

Table 1  Detection of content of various minerals in slip-surface using ultra-red spectrum 

Sample Smectite Illite Kaolinite -quartz 

D-S1 high very few undetectable high 

D-S3 high low very few high 

D-V2 undetectable high nearly zero high 

D-V4 low high undetectable high 

Q-S5 high low low high 

Q-V6 undetectable high low high 

Q-V7 undetectable high low high 

D, Diaojiaozui landslide; Q, Qianjiangping landslide; S, slip-surface; V, vicinity. 

Table 2  Quality of groundwater of Diaojiaozui landslide area 

Sample (mg/L) pH Ca2+ Mg2+ K+/Na+ Cl SO4
2 HCO3

 Free CO2 Erosive CO2 
#1 7.5 73.6 3.5 58.4 30.2 55.7 274.5 10.6 2.8 
#2 7.4 54.2 10.6 80.7 42.6 144.1 176.9 5.6 5.3 
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mechanism involved in these transformations is the forma-
tion of the intermediate mixed-layered illite-smectite (I-S) 
structures. Consequently, in our subsequent laboratory in-
vestigation we also aimed at capturing and studying the 
possible formation of I-S occurring during the possible 
transformation processes in different geological environ-
ments.  

3  Laboratory simulation using remolded soils  

3.1  Sample preparation and analysis 

Experiments were undertaken on an artificial soil in a simu-
lated acid rain environment to investigate the relationship of 
the mineralogical changes to the shear strength evolution.  

Three batches of samples each of which contains 48 
specimens, were exposed to a weak acid solution with 
pH=3.45 that was obtained by the deionized water and hy-
drochloric acid (HCl). This pH value was chosen in order to 
enhance the effect of an acid environment while it was very 
close to the lowest monthly average pH of rainfall in Three 
Gorges region, 3.75, as reported by Yang et al. [26]. The 
samples were all of a clayey sand, with about 12% of clay 
and at a water content of 23% on average. The clay content 
was achieved using different clays: montmorillonite (11%), 
kaolinite (12.5%) and illite (13%), while the composition of 
quartz sand is listed in Table 3. 

As discussed subsequently, each group would be tested 
for shear strength after certain duration of bath in the acid 
solution. The initial pH value 3.45 of the acid solution cor-
responds to a relatively severe, but still realistic acid rain 
[27]. The yearly average pH of rainfall is 5.44 in the Three 
Gorges region and its lowest monthly average is 3.75. The 
same solution was used in sample preparation, soaking, and 
consolidation in order to eliminate the time lag of diffusion 
across the sample during the transient part of the chemical 
exchange between the sample and external bath solution. 
The samples were then immersed in the same container 
once they were consolidated. Then fast shearing tests after 1 
day, 30 days and 60 days of exposure were conducted to 

determine the shear strength parameters, c′ and ′, i.e. effec-
tive cohesion and internal friction angle, averaged from four 
tests on each batch of bath duration. Meanwhile, pH values 
for the solution and its concentration of ions were moni-
tored over the same period of 60 days. The variation of the 
bath content in contact with the soil is listed in Table 4. 

It needs to be clarified that the experimental setup simu-
lated the field conditions under the following premises. Ini-
tially, the sample pores and the bath container were filled 
with the same acidic water. This corresponds to a situation 
where very low pH rainwater inundates soil pores. In reality, 
the groundwater clearly is not distilled de-aired water. It 
was observed that the acidity of the bath container de-
creased visibly and consistently in time from3.45 to 7.75 in 
two months. As the initial pH is equal, both in soil and solu-
tion, the driving force must be something else other than 
pure pH effect. It is speculated that the change in pH in the 
solution was accompanied by the change in acidity soil. 

3.2  Observed shear strength evolution 

After the differentiated exposure to acidic conditions the 
clays were subjected to direct shear tests in a shear box. 
Values of cohesion and friction angle were recovered after 1 
day, 30 days and 60 days of bath. Clay mineral composition 
was determined via X-Ray diffraction analysis for each du-
ration of the bath. The results are listed in Table 5. In the 
same table the interlayer ratio, J%, is also reported.  

The data on smectitic soil evolution in Table 5 suggest 
that this soil evolves from predominantly interstratified 
smectite/illite (55%) with some illite (23%) at one day of 
bath, to predominantly smectitic soil (68%), with a reduced 
illite presence (15%) at 30 days, accompanied by an almost 
double of the original cohesion and a decrease in friction 
angle by almost 1/3. At 60 days of bath the soil becomes 
predominantly kaolinitic soil (58%) with an almost com-
plete disappearance of smectite, and an increase in inter-
layer ratio. Its cohesion and its effective friction angle both 
return to near their original value of 1 day bath (see Figure 2). 
The percentages are referred to the initial clay fraction.  

Table 3  Composition of the sandy mineral measured by X-ray diffraction 

Mineral (%) 

Total clay gypsum analcime quartz orthoclase plagioclase calcite dolomite siderite anhydrite pyrite

3.4 0 0 81.2 0 11.9 3.3 0.2 0 0 0 

Table 4  Ion concentration of the solution 

Sample 
Inundated  
time (day) 

pH 
Conductivity 

(µS) 
K++Na+  
(mg/L) 

Ca2+ (mg/L) Mg2+ (mg/L) Cl- (mg/L) HCO3
 (mg/L) CO3

2 (mg/L) 

#1 0 (original acid) 3.45 5.6 - - - - - - 

#2 1 6.3 42.6 28.52 6.40 1.94 21.27 6.10 0 

#3 30 7.21 128.3 60.85 14.40 5.35 49.63 9.76 0 

#4 60 7.75 174.5 414.76 81.22 23.58 311.99 53.69 0 
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Table 5  Evolution of shear strength, interlayer ratio and mineral composition of a smectite based remolded soil after 1, 30 and 60 days of exposure to 
acidic conditions 

Composition and content of mineral (%) 
Sample 

I I/S C/S S/I S Kb) C 
J% c′ ′ 

S - - - - 73 27 - - - - 

RS-1 23 - - 55 - 11 11 70 23.62 29.28 

RS-30 15 - - - 68 11 6 10 40.14 20.53 

RS-60 24 - - 8 - 58 10 65 25.49 27.10 

S, Smectite; S-1, RS-30, RS-60, smectite remolded soil inundated one day, 30 days, 60 days respectively; K, kaolinite; C, chlorite. 

 

Figure 2  Evolution of (a) internal friction angle and (b) cohesion. 

Based on a generic assessment [28], S/I clays are considered 
to be relatively strong, compared to smectitic clays, which 
are definitely weak, but definitely not as strong as kaolinite. 

Correlations between the changes in cohesion and fric-
tion angle with respect to interlayer ratio J (%) are mono-
tonic and nearly linear. Cohesion decreases, while the fric-
tion angle increases with J. The interlayer ratio is defined 
for interstratified illite/smectite minerals whose layers are 
regularly distributed, as the ratio of the number of layers of 
smectite to the number of total layers [18, 19]. The above 
analysis indicates that the strength depends not only on the 
content of montmorillonite but also on the interlayer ratio of 
minerals. Hence the formation of slip surface involves the 
processes occurring on molecular scale, micro-scale and 
meso-scale. In the next section some meso-scale evidence 
of microstructure evolution was investigated using ad-
vanced imaging and analytical tools. 

3.3  Chemo-mechanical effects on meso-scale 

It is believed that the cohesion of clay soil is affected by 
agglutination and molecular force binding the water film to 
solids, while the friction angle depends on the granular 
composition, compactness and moisture of clay minerals. It 
is yet difficult to quantify the change in strength due to 
stress-corrosion. The reported initial loss and recovery of 
the shear strength after 60 days of soaking in acidic water 
suggest that the transformation of mineral could be critical 
for the change in cohesion and friction angle. Micrographic 

evidence indicates an evolution of the material structure 
during exposure to acidic pore fluid. The one-day exposed 
sample exhibits relatively low porosity and a presence of a 
flaky illite/smectite intergrade forming thick walled dia-
phragms between the grains of sand and silt. A 30-day ex-
posed sample exhibits relatively small (1 m) 3-D clusters 
of smectite filling most pores between the silt and sand par-
ticles. Finally, a 60-day exposed sample presents a massive 
presence of relatively large particles of kaolinite bridging 
between sand particles (see Figures 3(a)–3(c), 4(a)–4(c)). 
Overall SEM images indicate that corrosion produces pores 
in various sizes and heterogeneous cementation after soak-
ing in the acid solution. 

A comprehensive description for the observations of the 
SEM images is presented in Table 6. The above-mentioned 
three groups of soils after different exposure duration were 
investigated using SEM. In Group 2 and Group 3, the im-
ages of the original sample (e.g. M1-1YC) before its reac-
tion with acid fluid were also analyzed. Different magnifi-
cation provided a possibility of exploring the chemical and 
mechanical changes on different scales. 

4  Chemo-mechanical modeling of kinetics and 
strength evolution  

Our field tests strongly suggest that the transformation of 
illite to smectite may play a significant role in the inception 
of the two landslides investigated. The proposed scenario in  
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Figure 3  Evolution of smectite remolded soil soaked. (a) 1 day by SEM 
(100); (b) 30 days by SEM (150); (c) 60 days by SEM (150), shown in 
100/150 magnification. 

 
Figure 4  Evolution of smectite remolded soil soaked. (a) 1 day by SEM 
(2000); (b) 30 days by SEM (2000); (c) 60 days by SEM (2000), shown 
in 2000 magnification. 

Table 6  Analysis of meso-scale photo of remodeled soil by SEM 

Group (SEM Photo ID) Image description Magnification Overall evaluation 

RS-1 day 
(M-0A) 

●   half-filling clay cementation between grains, 
●   porous 

50 

RS-1 
(M-0B) 

●   half-filling clay cementation between grains 
●   porous 

100 

RS-30 
(M-0C) 

●   between grains of clay filling 2000 

 
●   clay particles cemented 
●   porous  
 

RS-30 
(M1-1YC) 

●   half-filled with clay particles cemented 300 

RS-30 
(M1-1YA) 

●   clay content of cement between grains less 80 

RS-30 
(M1-1YE) 

●   clay cementation between grains 
●   more even distribution of cementation 

80 

RS-30 
(M1-1YB) 

●   porous cement 300 

 
●   particle clay cementation 
●   heterogeneous cementation degree  
●   fully filled cement in some part, while partly  

filled and porous in other parts 

RS-60 
(M2-1YC) 

●   clay filling between the grain 150 

RS-60 
(M2-1YA) 

●   clay cementation between grains 
●   more even distribution of cementation  

80 

RS-60 
(M2-1YE) 

●   uneven distribution of cement 
●   partial formation of large pores 

80 

RS-60 
(M2-1YB) 

●   uneven distribution of cement 
●   partial formation of large pores 

80 

 
●   uneven distribution of cement, partial  

formation of large pores 
●   clay cement between grains decrease and  

porosity increase compared to the original  
sample before soaking 
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laboratory tests also indicates that an alteration of I/S to 
smectite is replaced by a reaction of neoformation of kao-
linite on the basis of the previously transformed smectite. 
Although the kinetic rates for smectitization of illite have 
not been extensively investigated, there is a significant 
quantity of data about the rates of smectite illitization reac-
tions. 

There are two major mechanisms that are believed to be 
responsible for smectitie-to-illite transformation, solid-state 
transformation and dissolution-precipitation. The first 
mechanism involves the layer-to-layer replacement [29–31]. 
The second mechanism includes dissolution of smectite 
followed by precipitation of a newly formed I/S [32–34]. 
The evolution of different clay minerals (Table 6) clearly 
indicates the formation of such intermediate mixed-layer I/S 
and suggests that the dissolution and precipitation related 
mechanisms should be our main focus.  

Various dissolution-precipitation kinetic models have 
been proposed for illitization of smectite [35, 36]. However, 
these models are on macroscopic and field scales and de-
pendent on geohistory data. In addition, the kinetic proc-
esses of the mineral transformation could likely be affected 
by the mechanical factor as well, as suggested by Dellisanti 
et al. [37] who studied the effect of tectonic shear strain on 
illitization mechanism. Our observations based on SEM 
results point to the strong possibility of transformation reac-
tions that need to be taken into account on micro- or 
meso-scales, addressing the role of the localized mechanical 
factor (strain) to be considered. Such model has been pro-
posed in the study of pressure solution, a geological process 
also dominated by the mineral dissolution and precipitation 
processes [38].  

Typical models for smectite illitization, such as that pro-
posed by Cuadros [39], usually take the form of  d / dS t  

[ ] ,m nk K S  S is the proportion of smectite layers in I/S, k is 

the rate coefficient and [K+] is the concentration of potas-
sium, m and n are exponent parameters that have to be cali-
brated against experimental data. Fowler and Yang pro-
posed that the rate coefficient k was a function of the activa-
tion energy and frequency factor of the S-I reaction [35]. 
The negative sign of the left-hand side indicates the de-
crease in smectite layers as a result of illitization. A number 
of researchers have found different parameters to match 
specific field data [40, 41], though it is doubtful whether 
such equation is the universal model for all types of illitiza-
tion. As Cuadros  pointed out, K+ concentration may not be 
the actual variable modifying the reaction kinetics, as other 
dissolved cations, Ca++, Mg++ or Na+ may preclude or slow 
down the illitization process.  

Although these kinetic models are primarily focused on 
the smectite-to-illite transformation, they can be also used 
to describe or at least include the rate of the illite-to- smec-
tite reaction as a reverse process of smectite-to-illite trans-
formation, since a dissolution-precipitation based kinetic 

rate law should consist of reactions in both forward and 
backward directions. Therefore, we can use the above- dis-
cussed kinetic law to describe the overall change in the 
smecitite mineral as a result of its formation (precipitation) 
and dissolution,  

   1 1 2 22
1 2d / d [ ] [ ] .m n m nS t k Mg I k K S  (1) 

The first term of the right-hand side is the rate of the il-
lite-to-smectite reaction, composed of the rate coefficient k1, 
the Mg concentration and the proportion of illite layers. As 
noted, whether Mg or K could be replaced by other cations 
is subjected to further study. At the present, the inclusion of 
the concentrations of these two cations seems to support the 
general observations found in this study and literature. In 
addition, on the micro-scale, the rate coefficient could likely 
be linked to mechanical strain under strong alteration of 
stress states, as opening of new specific surface area as a 
result of damage gives rise to intensified reactions.  

On the mechanical side, modeling proposed for the 
strength change during chemical reactions follows the tem-
plate outlined by Hueckel and Hu and Hueckel [42–44], in 
which the yield condition is made explicitly depending on 
the variables of the progress of reaction.  

The experimental results on the remolded soils show that 
the internal friction angle decreases up to one third in the 
transformation of illite into montmorillonite and it turns 
back to the nearly original value when montmorillonite 
turns into kaolinite. Cohesion varies in the opposite manner, 
but has less influence on the shear strength change, at a 
normal stress of >50 kPa (see Figure 5) and the slope failure. 
It is noted that the strength decreases in the first 30 days and 
then rises. Lag effects due to acid diffusion are ignored in 
the experiments. 

Based on this specific case, the yield condition is ex-
pressed as  

                  p p
q sm ill kao n q sm ill kao, , , tan , , , ,f c  (2) 

where  and n   are the shear and normal effective stress  

 

 

Figure 5  Mohr-Coulomb shear strength envelops after 1, 30 and 60 days 
of rain acid exposure. 
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components at a yielding plane, whereas c′ and ′ are effec-

tive cohesion and friction angle, p
q ,  sm, ill and kao are 

plastic shear strain, and variables of the accumulated rela-
tive mass removal during smectitization and kaolinitization, 
respectively; the latter ones vary between 0 and 1. 

The assessment of the rates of reaction such as dissolu-
tion of illite is far from being well understood. There are no 
specific data on the rates of the reactions in soils from the 
locations of the Three Gorges’ region. Kohler et al. [45] have 
established empirically an “apparent” rate of dissolution of 
illite in acidic environment, based on the amount of dissolved 
silica in the pore water in a closed system experiment. As for 
the neoformation of kaolinite, its kinetics is linked to dissolu-
tion of the altered smectite. The rate of kaolinite precipitation 
[46] at pH = 3 is at 10-12 mol/ (m2 s).  

5  Conclusions 

The present work studies the chemical reaction on molecu-
lar scale that may lead to the change in strength in the in-
ception of landslides. Field data of two landslides in Three 
Gorges area have shown a strong possibility that illites or 
montmorillonite-illite mixtures in soil slope turn into 
montmorillonite, some of which subsequently transforms 
into kaolinite. The experimental simulation of the remolded 
soils and the imposed change in acidity of pore water sup-
port that course of reaction. The change in shear strength 
and onset of slope sliding are viewed as a consequence of 
the chemo-mechanical coupling. The strength change origi-
nates from the dissolution of alkali metal ions on molecular 
scale that leads to the concentration and transition of clay 
minerals on meso-scale. The evolution of slip surface and 
soil strength is a typical process involving multi-scale proc-
esses of structure changes and chemo-mechanical coupling.  

Further study should be focused on the relationship be- 
tween strength and the mineral mixtures, especially on 
quantifying the kinetic rates of different mineral reactions. 
Future laboratory simulations should also explore the effect 
of a wider range of pH values in the testing environment. 
Kinetic models proposed in this work are extension of mod-
els used for geological scales and thus must be modified in 
the future to quantitatively address the dependence of 
chemical behavior on the deformational part.  
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