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Abstract

Heap leaching structures and waste dumps are the most important mining structures, and paying attention
to their stability issues at different stages of construction and operation is important. Investigating the
thermo-hydromechanical parameters of the materials of these structures is very important to evaluate
stability and geotechnical issues. Various factors affect the thermo-hydromechanical properties of materials,
which can change the aforementioned properties and ultimately cause structural instability. Therefore, it is
necessary to study the effect of various factors such as pH, salinity, temperature, consolidation, and
precipitation (moisture) on the thermo-hydromechanical properties of materials and to investigate their
behavior over time. This paper reviews some studies to investigate the effect of the mentioned factors on the
thermo-hydromechanical properties of different soils. The results show that the change of some factors like
pH affects the hydrodynamic properties of materials, which reduces soil strength parameters. Finally, one
may conclude that by examining the hydrodynamic properties of the materials of mining structures and
monitoring them over time, a favorable understanding of the behavior of the structure can be achieved, and
its behavior can be predicted to some extent.
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1- Introduction

Some structures used in waste management and the circular economy of mines are important.
The most important structures are tailings dams, leaching heaps, and waste dumps. In this regard,
attention should always be paid to certain factors before, during, and after the construction of these
structures, with stability being one of the most critical considerations. Suppose safety and stability
aspects are not addressed during the construction stages. In that case, these structures may
experience partial or complete failure, resulting in irreparable financial and environmental damages
to the mining complex and the natural and human ecosystems around it [1].

Part of these assessments and sustainability controls pertains to the post-construction phase of
these structures. For example, in leaching heaps, acid leaching occurs during the extraction of
mineral materials, which can affect the mechanical and hydraulic properties of the heap soil.
Additionally, variations in the acid spray rate on the heap surface can lead to issues such as acid
deficiency or excess in specific parts, potentially compromising the stability of the heap and causing
structural changes or failure.

Waste dumps are exposed to weathering processes during certain seasons. Depending on the
volume, rate, and intensity of precipitation, these dumps' hydraulic and mechanical parameters may
change. Furthermore, acid mine drainage is produced in these structures due to the presence of
moisture and oxygen. If waste dumps fail or collapse, severe environmental damage occurs,
including soil pollution, surface water contamination, and groundwater pollution. Therefore, it is
crucial to thoroughly investigate and manage certain parameters to prevent financial and
environmental losses and minimize their impact. Similarly, tailings dams, which serve as
repositories for processed waste, are composed of saturated particles within the silt range. Ensuring
their stability is essential because failure could release a significant amount of contaminated
material into the environment, leading to irreversible consequences [1].

Numerous studies have explored the impact of various parameters on soils and rocks with
different compositions. Constantz investigated the temperature dependence of unsaturated hydraulic
conductivity of two soils and concluded that in addition to viscosity, hydraulic conductivity changes
with temperature [2]. Ojo and Brook investigated the effect of moisture on the mechanical
properties of rock. The results revealed that a change in certain relative saturation values will result
in the maximum and minimum strength of the rock [3]. Assouline et al. investigated the effect of
compaction on the physical and hydraulic properties of two soils and found that the soil with larger
clay particles was more compact [4]. Ghasemzadeh et al. investigated the effect of sulfuric acid on
the hydromechanical properties of heap soils, and the results showed that the permeability
decreased by 28% after five months and the friction angle decreased by 25% after eight months [5].
In another study, Ying et al. investigated the effect of salinity on compaction, matric suction, and
stiffness of silty soil. They showed that compaction and stiffness increased with decreasing salinity
and did not affect matric suction [6]. Mohammad et al. investigated the effect of mine tailings soil
treatment using lime, aluminum, and fly ash type C and found that by increasing the amounts of
these three materials simultaneously, compressive strength increased and hydraulic conductivity
decreased [7]. Mehenni et al. investigated the effect of soil treatment on internal erosion resistance
and hydromechanical properties of silty soil. They concluded that by adding cement and lime,
compressive strength increased and permeability decreased [8].

In the present study, various influential factors on the thermos-hydro-mechanical properties of soil
have been examined, considering the soil type relevant to the use of mining waste. The most critical
parameters investigated include pH, salinity, temperature, moisture, and consolidation. This is a
comprehensive review study on the effects of various environmental parameters on hydromechanical
behaviors and can be effectively used to investigate the various phenomena in this field.
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2- Methods

Indeed, natural phenomena often exhibit coupled behaviors. A closer examination of phenomena
such as the behavior of radionuclides buried in the ground, geothermal fluid flow, CO, behavior
after injection into the subsurface, hydrocarbon flow within the earth, magma movement from depth
to the crust, and many energy-related processes reveals that various factors significantly influence
the behavior of these materials and methods [9].

Investigating the coupled impact of hydraulic, mechanical, and chemical parameters is not
recent. Since the early 1970s, researchers have been addressing this issue to solve complex
engineering problems. In recent decades, substantial and fundamental efforts have intensified
around this subject. Notably, the DECOVALEX international project, conducted in collaboration
with the Earth Sciences Laboratory at the University of California, Berkeley, and KTH Royal
Institute of Technology in Sweden, focuses on various aspects of coupled phenomena in Earth
sciences. Over the past decade, researchers worldwide have contributed to this project, studying
complex phenomena related to oil, rock mechanics, geothermal processes, hydrogeology, and
environmental science. Their investigations examine the coupling of thermo-hydro-mechanical and
chemical processes. Many countries have joined this initiative, initiating collaborative studies on
this topic [10].

One of the most common and crucial areas where coupling plays a significant role is radioactive
waste disposal. Ensuring the isolation and preventing the leakage of radioactive contamination into
the environment are critical and essential aspects. Achieving highly accurate modeling of various
interacting processes that impact leakage is of utmost importance. For instance, consider the
disposal of atomic waste. In this context, the mechanical stability of the structure, the deformation
of surrounding soil and rock, the heat generated due to radioactive materials, the subsurface heat,
groundwater flow, and potential chemical reactions between radioactive materials and the
containment walls all constitute coupled processes. Properly accounting for these interacting
phenomena requires precise modeling and consideration of geochemical, geohydrological,
geotechnical, and geological parameters. To this end, underground laboratories have been
established to investigate the coupled effects of these phenomena within the DECOVALEX project.
These laboratories meticulously examine parameters related to geochemistry, geohydraulics,
geotechnics, and geology [10].

2-1- Theory of thermohydromechanical and chemical coupling

Figure 1 shows the general structure and equations governing the coupling conditions. Four key
thermodynamic, mechanical, hydraulic, and chemical parameters that encompass various aspects of
this type of study are provided. These equations include heat transfer, mechanical deformation, fluid
flow, and multi-component reactive transport. Solving these equations simultaneously leads to
accurate solutions for many complex problems in earth sciences.

Initial discussions on coupling revolved around nuclear waste disposal and fluid flow modeling
in fractured environments. Subsequently, topics related to fractured-porous media and weathered
soils were addressed. In recent years, special attention has been given to the fractured-porous press,
and discussions related to particle deformation, changes in porosity and permeability parameters,
and soil and rock resistance parameters over time have emerged.

In mining environments, the formation of minerals, which leads to complex geological processes
and significant variations in mineralogy, is considered based on the type of existing waste and
geological context. Moreover, depending on the processing operations performed on the ore,
multiple options can be regarded for coupling studies.

Various factors affect the thermo-hydro-mechanical properties of soils, each of which influences
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a specific soil parameter. These factors cause the thermo-hydro-mechanical properties of soil to
change under different conditions, which can sometimes have positive or negative environmental
and economic implications. Therefore, before starting any study on the properties of a specific soil,
it is essential to identify the variable and dependent parameters. Investigating these changes in the
inference and conclusion process will be helpful. Figure. 2 shows some variables and dependent soil
parameters.
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Figure 1. Mathematical structure of modeling under coupling conditions and investigating the effect of THMC
parameters
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Figure 2. Parameters affecting the thermos-hydro-mechanical properties of soils
3- Findings and Argument

Numerous studies have been conducted on the effect of variable parameters on the thermo-
hydro-mechanical properties of materials. Some of these studies are summarized in Table. 1.

As evident, these researchers have investigated the mutual influence of thermo-hydro-
mechanical parameters on different soils, and the properties of the studied soils have been examined
over time. One such study in this field was carried out by Mohamed et al., who investigated the
hydro-mechanical properties of mine tailings after treatment with lime, aluminum, and type C fly
ash. The laboratory test results showed that using lime, aluminum, and type C fly ash in sulfur-rich
waste materials improves plasticity, efficiency, and volumetric stability. The combination of 5%
lime, 10% type C fly ash, and 110 ppm aluminum resulted in a compact and monolithic structure

97



Amirreza Pourverdi, Faramarz Doulati Ardejani, Soroush Maghsoudy

Iranian Journal of Mining Engineering (IJME)

capable of withstanding 1000 kPa or more under uniaxial compressive strength testing.
Additionally, it reduced the permeability coefficient to 1.96x10° m/s, which is lower than the value
mentioned in environmental protection standards (10° m/s). Figure. 3 illustrates the impact of
different treatment combinations on compressive strength. As evident, after 28 days of modification
with the combination of 5% lime, 10% type C fly ash, and 110 ppm aluminum (S3L5A110F10), the
tailings soil reached its highest strength [7].

Table 1. A summary of the studies conducted
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Figure 3. The effect of different combinations of lime, aluminum, and type C fly ash on compressive strength in
28 days (S sampling site, L lime, A aluminum, and F type C fly ash) (Modified after [7])

Mehenni et al. investigated the impact of soil treatment on internal erosion and hydro-
mechanical properties of silty soil. The silty soil was treated using bentonite, lime, and cement.
Before the treatment, the soil had a compressive strength of 142 kPa and a hydraulic conductivity of
6x10"° m/s. The low hydraulic conductivity was due to the high percentage (99.2%) of fine particles

(below 80 microns) and initial consolidation. Treatment with clay minerals (bentonite and kaolinite)
did not significantly affect the compressive strength. Still, it reduced the hydraulic conductivity
(Table. 2). Figure. 4 illustrates the effect of silty soil treatment with lime and cement. As observed,
the compressive strength of the soil increased significantly over time, reaching over 1500 kPa after

90 days with a 6% increase in strength [8].

Table 2. Impact of treatment on hydraulic conductivity

Treatment method | Hydraulic conductivity (m/s)
Untreated silt 6.0x107
+2 % kaolinite 2.3x107
+5 % kaolinite 1.3x10°
+9 % kaolinite 7.3x107%°
+2 % bentonite 2.2x10%°
+5 % bentonite 5.110*
+2 % bentonite 2.6x10"
+1 % lime (90 days) 9.0x10°
+3 % lime (90 days) 9.7x10™
+3 % cement (90 days) 1.9x10°
+6 % cement (90 days) 7.3<10%
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Figure 4. Effect of lime and cement treatment on the UCS of the silty soil (Modified after [8])
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4- Conclusions

As seen in previous sections, numerous studies have been conducted regarding the thermo-
hydro-mechanical properties of materials, and various parameters have influenced these properties.
In some studies, it was observed that the effect of certain similar parameters on thermo-hydro-
mechanical properties is not constant and varies, which could be related to factors such as soil type,
the duration of the impact of the parameters, etc. Therefore, it can be concluded that each problem
and experiment has unique conditions, and investigations and experiments should be conducted
with precision to obtain accurate results. It is recommended that appropriate tools and tests be used
during experiments and that the effects of different parameters on thermo-hydro-mechanical
properties be carefully evaluated over time.

The interaction of thermal, hydraulic, mechanical, and chemical factors is possible in mining
structures, such as mine pits, heap leach pads, waste dumps, and tailings dams. In mine pits, the
interaction between the rock structure and the pore fluid is significant, and the impact of the fluid on
the mechanical structure of the pit (or vice versa) should be studied. Also, salinity is an issue in
some mines, and the pore fluid may have very high electrical conductivity (EC). This can affect
both the mechanical structure and the fluid's behavior in the pit's fractured-porous environment,
making coupled and combined studies highly important.

Due to their reactions with acidic solutions or other leaching fluids, heap leach structures require
coupled studies and simultaneous examination of parameters. Adding leaching solutions can change
mechanical properties (such as cohesion, friction angle, compressive strength, etc.) and alter the
fluid flow behavior within the heap. Furthermore, chemical reactions and heat generation in heap
leach structures can cause other parameters (hydraulic and mechanical) to change differently, which
ultimately has economic and environmental implications.

Another relevant structure is a waste dump. Due to the materials contained within the waste
dumps and their interaction with water, waste dumps can produce acid mine drainage, resulting in
pH reduction within the dump structure. As previously discussed, these changes can affect various
soil properties. Similarly, tailings dams exhibit similar processes, and the effect of fluids in these
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structures should be seriously investigated. The geochemical structure and hydraulic behavior of the
fluid in tailings dams are of utmost importance. They can change the poromechanical structure,
potentially causing geotechnical and hydrogeological environmental issues.

In conclusion, negative and disproportionate effects can occur considering the soil-rock structure
of mining structures and the various factors mentioned in this study. Therefore, comprehensive
coupled studies and simultaneous examination of parameters and processes in these structures
should be prioritized. Variables such as salinity, acidity, chemical reactions, etc., significantly
influence the thermo-hydro-mechanical and chemical aspects, potentially affecting long-term
operational efficiency and leaving irreversible damage in their wake.
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